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FOREWORD 

This  report  provides  a  review  of  the  technology  for  new  types  of 
devitrlfled  ceramics.  It  was  prepared  by  Mr.  Barry  R.  Bmrich,  Ma¬ 
terials  Application  Division,  Air  Force  Materials  Laboratory,  Re¬ 
search  a^  Techncdogy  Division,  Air  Force  Systems  Command,  Wrlght- 
Patterson  Air  Force  Base,  Ohio.  The  work  was  performed  under  Project 
No.  7381,  ^‘Materials  Aj^llcation,**  Task  No.  738105,  ^'Ceramics  and 
Graphite  Infbrmation.** 

This  report  was  prepared  in  partial  fulfillment  of  the  requirements 
for  a  Master  of  Science  degree  from  The  Ohio  State  University  and  is 
presented  as  a  part  of  the  Air  Force  Materials  Laboratory  information 
activities  on  ceramics  and  graphite. 

The  author  gratefully  acknowledges  the  airport  of  D.  L.  Yuhas,  Major, 
USAF,  Deputy  for  Foreign  Technology,  Aeronautical  Systems  Division, 
Wrif^t-Patterson  Air  Force  Base,  Ohio,  in  providing  selected  trans¬ 
lations  from  the  foreign  literature.  Appreciation  is  also  extended  to  Dr. 
Ralston  Russell,  Jr.,  the  author’s  adviser,  and  Dr.  H.  Blau  of  The  Ohio 
State  University  for  their  siqpport,  encouragement  and  suggestions. 


ABSTRACT 


A  compxelieiiBiye  review  of  the  worldwide  open  literature  was  made  to 
aanist  the  research  and  development  engineer  in  future  work  and  inform 
die  triplications  engineer  of  the  present  uses  and  capabilities  of  devitrified 
ceramics.  The  devitrified  ceramics  of  primary  concern  are  those  materials 
which  are  predominantly  crystalline  bodies  produced  by  induced  and  con- 
trtdled  nucleadon  and  crystallization  of  preformed  glass  articles.  This  study 
presents  information  on  compositional  and  processing  factors;  fundamental 
phenomena;  prppordes;  die  effects  of  crystal  size,  heat  treatment,  and  com- 
position  on  properties;  and  applications.  It  also  ih^udes  selected  abstracts. 

This  documentary  search  concludes  that  devitrified  ceramics  are  only  in 
their  Infancy  and  that  there  is  an  urgent  need  for  furdier  development  and 
understanding  of  fundamental  characteristics  in  order  to  realize  the  full 
potential  of  these  relatively  new  ceramic  materials. 


This  technical  documentary  report  has  been  reviewed  and  Is  approved. 


D.  A.  SHINN 

Chief,  Materials  Information  Branch 
Applications  Division 
AF  Materials  Laboratory 
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I.  INTRODUCTION 


For  many  years  the  uncontrolled  crystallization  occurring  during 
glass  manufacturing  has  been  a  basic  problem.  Such  crystallization 
is  undesirable  and  is  generally  detrimental  to  transparency  and  other 
properties*  dassmakers  have  therefore  focused  attention  on  avoiding 
devitrification,  and  not  until  recently  has  the  formation  of  a  second 
phase  been  deliberately  sought. 

Semicrystalline  ceramics  such  as  some  porcelains,  china,  and 
refractories  have  been  made  for  years  by  mixing  and  shaping  fine 
particles  of  compositions  containing  such  crystalline  compounds  as 
corundum,  mullite,  and  quartz  or  substances  which,  when  heated 
sufficiently  to  cause  interaction  and  sintering  of  the  constituents  pro¬ 
duce  these  sennicrystalline  ceramics.  These  bodies  are  produced  by 
a  drying  and  firing  process  and  are  characterized  by.  marked  shrinkage 
and  formation  of  microcracks.  Such  materials  are  usually  hetero¬ 
geneous  and  contain  voids  resulting  from  interstices  between  the 
particles. 

Opal  and  alabaster  glasses  (used  principally  for  light  diffusing 
purposes)  are  made  by  controlled  crystallization.  However,  these 
glasses  normally  have  less  than  10  percent  crystalline  material  and 
relatively  few  compositions  are  adaptable  ,to  this  purpose. 

The  photosensitive  glasses,  produced  by  controlled  nucleation, 
have  a  very  limited  range  of  composition  since  the  crystallizable 
compounds  grow  by  shortwave  radiation  treatment.  The  discovery  of 
these  glasses  as  well  as  opal  glasses  provide  the' historical  background 
used  in  the  development  of  the  highly  crystallized  devitrified  ceramics 
of  current  interest  and  are  therefore  discussed  in  this  report. 

This  investigation  was  primarily  concerned  with  compiling  litera¬ 
ture  information  concerning  recently  developed  devitrified  ceramic 
materials  obtained  by  induced  and  controlled  crystallization  of  glass 
from  preformed  glass  articles.  These  materials  are  frequently 

Manuscript  released  by  author  15  June  1964  for  publication  as  an  RTO  Tech¬ 
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referred  to  in  the  literature  as  glass  •ceramics  (USA)j  vitro -ceramics 
(Europe)  and  sitals  (USSR).  The  authort  however,  prefers  the  less 
redundant  term  "devitri&ed  ceramics"  for  this  report. 

The  primary  objectives  of  tliis  study  are  to  provide  a  unified 
reference  source  of  the  open  literature  and  a  review  of  the  technology 
fo  assist  the  research  and  development  engineer  unfamiliar  with  this 
subject  in  future  investigations,  and  to  inform  the  applications  engineer 
of  the  present  uses  and  capabilities  of  devitrified  ceramics.  It  is 
hoped  that  this  report  will  be  helpful  to  the  user  of  materials  by  pro¬ 
viding  an  awareness  of  these  materials  and  their  characteristics  as 
compared  with  other  competitive  materials  for  specific  applications. 
Background  information  used  advantageously  in  the  development  of  the 
original  devitirfied  ceramics  is  reviewed;  basic  and  applied  research 
studies  are  either  discussed  or  referenced.  Factors  affecting  proper¬ 
ties  and  those  involved  with  development  are  thoroughly  discussed. 
Specific  properties  and  applications  of  the  two  most  studied  devitrified 
ceraznics  are  thoroughly  reviewed  for  state-of-the-art  knowledge,  and 
selected  abstracts  from  the  American  Ceramic  Society  Symposium  and 
other  recent  sources  on  nucleation  and  crystallisation  are  included  for 
additional  information  and  convenience.  The  fundamental  mechanisms 
of  devitrification,  that  is,  nucleation  and  crystallization,  have  been 
compiled  and  reviewed  recently  by  others  and  are  therefore  not  em¬ 
phasized  in  this  report. 

These  new  devitrified  ceramics  are  of  special  interest  because, 
compared  with  the  semicrystalline  ceramics  previously  mentioned, 
they  represent  the  most  practical  way  for  mass-producing  products 
approaching  the  ideal  i>olycrystalline  ceramic  structure.  They  are 
extremely  fine-grained,  free  from  voids  (zero  porosity),  with  crystals 
randomly  oriented  and  uniformly  distributed.  These  characteristics 
tend  to  yield  maximum  strength,  chemical  durability  and  reliability; 
it  has  been  demonstrated  that  these  devitrified  ceramics  usually 
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possess  greater  mechanical  strength  than  partially  crystallized 
ceramics  made  from  the  same  composition.  They  are  relatively  free 
from  shrinkage  problems;  and  the  diversity  of  possible  chemical 
composition  is  quite  large  (Ref.  1,  2).  These  new  materials  are  more 
durable  than  commercial  glasses  and  often  have  very  low  thermal 
e3q>ansion  coefficients.  The  devitrified  ceramic,  although  not  machin¬ 
able  with  conventional  cutting  tools  is  more  capable  of  being  machined 
than  ordinary  glass  (Ref.  3,  4). 

The  problems  of  porosity,  uniformity  of  product,  dependence  of 
the  microstructure  on  the  physical  state  of  the  batch  and  on  early 
stages  of  processing,  which  exist  in  sintered  ceramics,  are  eliminated 
by  the  melting  and  forming  of  glass.  These  devitrified  ceramics  are 
produced  in  the  same  manner  as  glass  by  blowing,  rolling,  pressing 
or  even  centrifugal  casting  which  can  be  used  to  make  almost  any  size 
or  shape.  This  could  be  compared  with  the  advanced  techniques  used 
in  making  ceramics,  such  as  hot  pressing,  which  produce  nearly 
perfect  polycrystalline  ceramics.  However,  they  are  expensive  and 
are  limited  greatly  in  rate  of  production  and  size  of  pieces  that  can 
be  made. 

Since  devitrified  ceramics  are  produced  by  a  nucleation  process, 
they  provide  a  means  for  producing  polycrystalline  ceraznic  articles 
having  grain  size  smaller  than  those  obtainable  by  any  other  known 
method.  Efficient  nucleation  can  produce  particles  a  few  Angstroms 
in  size,  and  Stookey  (Ref.  1)  states  that  essentially  complete  crystal¬ 
lization  is  possible  with  an  average  crystal  size  from  200  to  300 
Angstroms. 

Devitrified  ceramics  cannot,  of  course,  be  used  for  all  of  the 
ceramic  compositions  one  might  want  to  fabricate.  The  present 
available  types  have  a  softening  temperature  limitation  of  about 
1350°  C  (2460°  F)  which  may  be  increased  to  approximately  1500°  C 
(2730°  F)  with  further  investigations.  Although  they  are  brittle  like 
other  ceramics  and  have  new  problems  of  their  own,  they  have  been 
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proven  useful  as  radome,  a  high  temperature  bearing  material,  as 
well  as  in  other  importamt  applications,  and  they  give  promise  of 
broadening  the  usefulness  of  ceramics. 
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n.  HISTORICAL.  REVIEW 


A  brief  history  of  those  microcrystalline  materials  which  are 
still  essentially  a  glass  is  given  to  distinguish  between  them  and  the 
new  devitrified  ceramics,  and  to  provide  a  clearer  understanding  of 
the  work  leading  up  to  the  development  of  devitrified  ceramics.  To 
arrange  a  suitable  breakdown  for  this  discussion,  the  subject  matter 
is  divided  into  types  of  nucleus  formers. 

A.  Crystallisation  Without  Nucleus  -Formers 

This  category  includes  the  almost  completely  crystalline  body 
made  by  the  French  chemist  M.  Reaumur  (Ref.  5),  who  in  about  1727 
knowingly  transformed  glass  into  a  crystalline  state.  This  "Reaumur 
Porcelain"  was  produced  by  packing  glass  bottles  in  a  mixture  of 
sand  and  gypsum  and  heating  them  in  a  kiln  for  several  days. 

Reaumur  stated  that  the  crystals  were  like  needles  which  extended 
inwardly  from  the  surface  and  met  in  the  center  of  the  glass  wall 
(Ref.  6).  This  glass  porcelain  was  soon  forgotten,  probably  because 
it  was  very  weak  and  brittle. 

Albrecht  (Ref.  7)  shows  how  the  proper  annealing  of  glass  affects 
the  crystallization  and  how  the  formation  of  many  microscopic  crys¬ 
tals  can  be  achieved.  These  alumina-rich  silicate  glasses  through 
crystallization  at  proper  ten^eratures  produced  hard  materials  with 
agate -like  structures. 

The  possibility  of  influencing  the  crystallization  to  obtain  fineness 
and  homogenity  was  the  next  step  in  developing  these  materials. 

B.  Crystallization  With  NonmetalUc  Materials  as  Nucleus  -Formers 

K.  T.  Bondarev  (Ref.  8)  and  W.  Hinz  (Ref.  9)  discuss  glass 

zxiaterials  having  nozimetallic  materials  as  nucleus -formers.  Non- 
metallic  materials  such  as  fluorides,  phosphates  or  stannous  dioxide 
because  of  their  low  solubility  serve  as  nucleus -formers  for  obtain¬ 
ing  fine  crystalline  materials  like  the  opal  glasses.  The  primary 
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systems  in  which  fluoride  (with  proper  heat  treatment)  was  used  in 
making  partially  crystalline  glasses  were  reported  by  Hinz  (Ref.  9) 
as: 

Na20-Mg0-Si02 

K^O-MgO-SiO^ 

Na20-Mg0-Al20^.Si02 

K^O-MgO-Al^Oj-SiO^ 

CaO-MgO-Al^O^-SiO^ 

The  case  of  fluoride  additions  is  described  in  a  1958  report  by 

St.  N.  Ltungu  and  D.  Popes  cu>Has  (Ref.  10).  The  main  difficulty 

with  fluorine  glasses  was  that  the  original  glass  had  a  softening  tern- 
o  ✓  o 

perature  of  550  to  650  C;  and  the  crystallization  took  place  in  a 

o  o 

temperature  interval  of  750  to  900  C.  Carefully  controlled  heating 
cycles  (Ref.  8)  are  used  to  prevent  deformation  of  the  articles  one 
uses.  These  materials  demonstrated  compressive  mechanical 
strengths  higher  than  for  glass  and  porcelain. 

C.  Crystallization  With  Metals  as  Nucleus -Formers 

The  influence  of  platinum  on  the  fineness  of  crystallization  was 

reported  by  Rindone  (Ref.  11).  Platinum,  in  the  form  of  platinum 

chloride,  in  amounts  ranging  from  0.001  to  0.01  percent  was  added 

to  Li.O*4SiO-.  Glass  samples  with  and  without  the  platinum  addition 
2  ^  o 

were  compared  after  heat-treating  at  650  C  for  various  lengths  of 

time.  Platinum-free  glass  of  the  very  same  composition  crystallized 

slowly  and  in  large  individual  crystals.  The  glass  containing  0.001 

percent  platinum  crystallized  after  45  minutes  of  heat  treating,  and 

the  glass  with  0.01  percent  platinum  crystallized  after  20  minutes. 

The  glass  having  platinum  as  a  nucleating  agent  contained  large 

numbers  of  minute  crystals ,  the  largest  being  about  500 A. 

The  metals,  gold,  silver,  copper,  were  also  introduced  into  the 

art  of  crystallization  of  glass,  providing  the  breakthrough  for 
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photosensitive  glass.  According  to  Stookey  (Ref.  12-14)  research 
leading  to  the  development  of  photosensitive  glass  was  initiated  by 
Dalton  (Ref.  15,  16)  in  1937,  with  his  work  on  copper  ruby  glass.  In 
1941  work  on  glass  compositions  containing  copper  in  which  nuclea- 
tion  phenomenon  (Ref.  17)  could  make  photography  feasible  was 
accomplished.  Further  work  showed  that  superior  results  were  obtain¬ 
able  by  the  use  of  gold,  together  with  sensitizing  agents  and  color 
modifiers  (Ref.  18).  By  1947,  two  basic  types  of  photosensitive 
glasses  had  been  developed:  (1)  photosensitive  metal-colored  glasses, 
in  which  the  image  is  a  color  transparency  consisting  of  submicro- 
scopic  metal  particles  within  the  glass;  and  (2)  photosensitive  opal 
glasses,  in  which  the  image  is  translucent  or  opaque  and  consists  of 
microscopic  nonmetallic  crystals.  Armistead  (Ref.  19),  through  his 
investigations  on  the  coloration  of  glass  by  silver,  was  able  to  make 
photosensitive  silver  glasses. 

In  producing  photosensitive  glasses  certain  ratios  of  oxide  com¬ 
ponents  must  be  maintained.  According  to  Stookey's  patent  (Ref.  2), 
the  main  components  Li^O'Al^O^*  SiO^  should  not  be  less  than  90 
percent,  while  the  Al^O^/Li^O  ratio  should  be  less  than  1.7/1.  In 
order  not  to  obtain  too  large  an  amount  of  glassy  phase  in  the  matrix 
the  low  melting  components  should  not  exceed  10  percent  (Ref.  9). 

Alkali  oxides  (Li20  excluded),  added  for  the  purpose  of  facilitating 
the  melting  should  not  exceed  4  percent,  and  the  content  of  divalent 
oxides,  such  as  ZnO,  CdO,  BaO  and  PbO,  used  to  increase  the  chem¬ 
ical  stability,  must  not  exceed  5  percent.  The  photosensitive  metals 
(Au,  Ag,  or  Cu)  are  used  in  amounts  ranging  from  0.001  to  0.020 
percent  for  best  results.  According  to  Mauer  (Ref.  20),  the  mini¬ 
mum  size  of  a  gold  particle  capable  of  catalyzing  the  crystallization 

of  lithium  silicate  in  light  sensitive  glasses  is  80A.  Stookey  (Ref. 

9  15 

21)  states  that  10  to  10  crystals  are  formed  for  1  cubic  znillimeter 

3 

(1  mm  )  of  glass.  This  simultaneous  formation  and  growth  of  large 
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numbers  of  crystals  should  provide  full  crystallization  of  the  glass. 

K.  T.  Bondarev  (Ref.  8)  in  his  explanation  of  induced  crystalli¬ 
zation  in  light-sensitive  glasses  states  the  following; 

1.  "Catalysts  for  crystallization  should  be  well  dissolved 
in  the  glass  at  boiling  amd  processing  temperatures, 
but  not  easily  dissolved  at  lower  temperatures: 

2.  "The  catadyst  should  have  high  free  energy  of  activation 
for  the  homogeneous  formation  of  nuclei  of  crystals 
from  the  fused  mass  at  low  temperatures: 

3.  "The  ions  or  atoms  of  the  catadyst  should  diffuse  in  the 
glass  at  low  temperatures  more  rapidly  than  the  maun 
components  of  the  glass: 

4.  "For  effective  steeping  the  inter  surface  energy  between 
the  glass  amd  the  crystads  of  the  catalyst  should  be 
small:  amd 

5.  "The  crystad  structure  amd  parameters  of  the  lattice  of 
the  catalyst  crystads  amd  of  the  nuclei  of  the  crystadline 
phase  should  be  as  close  to  each  other  as  possible.  " 

Lillie  (Ref.  22)  explauns  in  the  development  of  photosensitive 
opal  glasses  (Fotolite,  Fotoform,  Fotoceraun)  that  the  ratio  of  the 
diameters  of  crystal  and  nucleus  should  be  in  the  order  of  20  to  1000. 

The  photosensitivity  of  Fotoceram  glasses  are  increased  by  the 

presence  of  sensitizers  such  as  CeO^i  Sb^O^,  or  halogens. 

Some  special  photosensitive  glass  compositions,  containing  gold, 

silver  or  copper  are  listed  in  Stookey's  patents  (Ref.  23).  Melting 

o 

of  such  materials  occurs  at  approximately  1350  to  1400  C  for  three 
hours,  and  the  wavelengths  for  ultraviolet  radiation  are  set  at  around 
3000  to  3500  A  for  5  to  10  minutes.  The  exposure  periods  vary  great¬ 
ly  (one  hour  or  longer  possibly)  depending  upon  the  composition  of  the 
glass  and  the  type  and  intensity  of  radiation.  The  melting  atmosphere 
and  process  of  preheating  are  also  very  important.  The  final  heating 
occurs  at  a  temperature  of  about  50^  C  lower  than  the  softening  point 
of  the  original,  glass.  Heating  at  this  temperature  continues  until  a 
stable  silicate  structure  is  formed,  thus  allowing  the  temperature  to 

be  raised  for  obtaining  complete  crystallization  without  deformation; 
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the  devitrification  continues  upon  further  heating  until  the  desired 
degree  is  reached.  In  the  case  of  photosensitive  glasses,  precipita¬ 
tion  of  the  crystallizable  compounds  depends  upon  the  presence  of  the 
metals  in  the  colloidal  state  serving  as  nuclei;  and  the  methods  are 
applicable  to  only  the  very  limited  range  of  compositions  capable  of 
fornoing  crystals  which  will  form  and  grow  on  such  nuclei.  The 
photographic  process  includes  the  preliminary  exposure  of  the  glass 
to  shortwave  radiations*  and  is  therefore  limited  to  photosensitive 
glass  compositions. 

D.  Crystallization  With  Titanium  Dioxide  as  a  Nucleus -Former 

In  principle,  the  &nal  step  in  the  development  of  the  highly  crys¬ 
tallized  (glass -ceramics)  devitrified  ceramics  was  relatively  simple: 
to  find  suitable  nucleating  agents  to  induce  the  same  processes  as  in 
the  photosensitive  glasses,  but  without  the  necessity  for  ultraviolet  or 
X-ray  exposure.  However,  as  simple  as*  it  may  have  appeared,  it 
actually  took  long  and  painstaking  research,  not  only  because  of  the 
necessity  for  approximate  registry  between  the  nucleus  and  the  crys¬ 
tallized  phase,  but  because  of  the  special  solubility  relations  involved 
in  the  "ceranuning"  or  heat  treating  process  (Ref.  22).  These  parti- 
c\ilar  materials  were  placed  on  the  market  around  1957.  To  aid  those 
interested  in  developing  these  highly  controlled  devitrified  ceramics 
the  following  ideas,  obtained  primarily  from  Stookey's  (Ref.  2) 
patent,  are  provided. 

A  large  number  of  glass  compositions  may  be  utilized  in  provid¬ 
ing  successful  devitrified  ceramics  nucleated  with  TiO^*  In  summary 
the  bodies  consist  essentially  of  four  components,  SiO^,  Al^O^,  TiO^ 
and  one  or  more  of  the  basic  metal  oxides,  1->12^*  MgO,  CaO, 

ZnO,  SiO,  CdO,  BaO,  PbO,  MnO,  FeO,  CoO,  and  NiO.  The  four 
components  total  at  least  90,  preferably  95,  weight  percent  of  the 
composition  of  which  the  TiO^  is  2  to  20  percent,  but  preferably  8  to 
15  percent.  Less  than  2  percent  TiO^  is  generally  ineffective  but 

more  than  20  percent  causes  crystalline  TiO^  to  affect  the  end 
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product  properties  and  it  may  cause  spontaneous  crystallization 
when  the  glass  is  cooled  from  the  molten  state. 

The  final  crystalline  product  may  contain  a  low  proportion  of 
glassy  matrix  and  possess  substantially  the  properties  of  the  crystal¬ 
line  compounds  formed.  Like  the  photosensitive  glass  composition, 
the  total  amount  of  metal  oxides  should  not  exceed  10  weight  percent. 

Glasses  containing  BeO,  yield  products  containing  beryl 
(3BeO ‘Al^Oj*  65102)*  which  have  low  thermal  expansion.  These 
glasses  are  somewhat  hazardous  to  make  because  of  the  extremely 
toxic  character  of  BeO.  Specific  compositions  with  substantial 
amounts  of  MgO  contain  a  -cordierite  (2MgO  •  2A1202*  5Si02)  (Ref. 

24,  25);  those  with  substantial  amounts  of  CaO  contain  anorthite 
(CaO*Al_0  •2SiO_);  compositions  with  ZnO  as  a  major  metal  oxide 
contain  primarily  zinc  spinel  or  gahnite  (ZnO*Al202)  and  in  some 
compositions  willemite  (2Zn0*Si02).  Specific  examples  of  all  types 
of  compositions  including  the  above  minerals  are  provided  in  Stookey's 
patent  (Ref.  2).  Table  1  provides  properties  of  some  crystalline 
phases  considered  important  in  developing  these  materials.  These 
compositions  and  other  possibilities  containing  ternary  oxide  systems 
can  be  predicted  from  the  phase  diagrams  compiled  by  Levin, 

McMurdie  and  Hall  (Ref.  26). 

A  devitrified  ceramic  containing  mixtures  of  two  or  more  of 
the  basic  metal  oxides  usually  possess  intermediate  properties  com¬ 
pared  to  the  two  separate  devitrified  ceramics  made  from  the  indivi¬ 
dual  metal  oxides.  The  range  of  compositions  capable  of  being 
melted  and  cooled  to  form  glasses  can  be  increased  by  the  addition 
of  fluxes  such  as  Na20,  K2O  and  Germanium  oxide,  boric 

oxide  and  phosphoric  oxide  may  also  be  employed  as  net-work  formers. 
The  deformation  temperature  can  be  increased  by  reducing  the  amount 
of  metal  oxides.  Other  nucleating  agents  which  have  been  investi¬ 
gated  are  SnO-  (Ref.  22)  and  ZrO  (Ref.  28,  see  also  Appendix  I). 

^  2 

The  TiO_  -nucleated  devitrified  ceramics  are  melted  at  about 
^  10 
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♦Calculated  from  graphs  provided  in  WADC  TR  58-476  Vol.  III.  In  all  cases  these  figures  do  not 
refer  to  the  pure  crystalline  phase. 


1600^  C  (2910^  F);  nucleation  temperature  is  about  800^  C  (1470^  F) 
and  crystal  growth  temperature  is  approximately  1200°  C  (2190°  F) 
(Ref.  29).  In  general,  to  accomplish  nucleation  and  crystallization  the 
article  should  be  cooled  100°  to  300°  C  below  the  maximum  nucleation 
temperature.  The  maximum  nucleation  temperature  is  that  tempera¬ 
ture  to  which  the  glass  must  be  cooled  so  that  visible  crystals  other 
than  TiO^  may  be  formed  at  a  substauitial  rate  when  the  glass  is 
further  reheated.  The  optimum  temperature  for  nucleation  is  about 
50°  C  above  the  annealing  point  of  the  glass,  and  the  optimum  time  of 
holding  the  glass  article  at  this  temperature  before  reheating  it  to 
cause  crystal  growth  is  about  0.5  to  2  hours. 

The  glass  crystallizes  more  rapidly  during  the  reheating  step,  as 

the  temperature  is  increased  toward  the  liquidus  of  a  predozninant 

crystalline  phase.  When  the  amount  of  glass  matrix  is  relatively 

large,  the  article  may  deform  if  the  temperature  is  increased  too 

o 

rapidly.  If  the  temperature  is  increased  by  not  more  than  5  C  per 
minute  after  crystallization  has  set  in,  then  deformation  is  avoided. 
The  crystal  growth  temperature  must  remain  below  the  liquidus  of 
the  predozninant  crystalline  phase  or  dissolution  of  the  phase  will 
result.  It  has  been  observed  by  Stookey  (Ref.  2}  that  if  the  crystallized 
compound  has  an  inversion  point,  the  norzxzal  breakage  of  the  article 
through  the  inversion  point  is  not  usually  encountered.  This  is  ex¬ 
plained  by  the  extreme  fineness  of  the  crystals. 

The  optimum  heating  rate  and/or  holding  temperature  for  crystal 
growth  varies  with  composition.  Currently,  it  zziay  be  estimated  by 
the  deformation  of  a  test  bar.  The  deformation  temperature  of  the 
final  crystalline  product  for  devitrified  cerazziics  may  reach  a  higher 
degree  than  the  present  maximum  of  1350°  C. 

The  crystalline  compounds  can  be  identified  by  means  of  a  conven¬ 
tional  X-ray  powder  spectrometer  or  diffractometer,  equipped  with  a 
Geiger  covmter  and  a  trace-drawing  device.  The  monochromatized 

X-ray  beam  is  directed  against  a  powdered  or  solid  specimen  at  an 

12 


angle  and  the  reflections  from  the  various  faces  of  the  crystals  are 
converted  to  amplified  electrical  impulses  by  the  Geiger  counter  and 
are  reproduced  as  a  series  of  peaks  on  the  trace.  Each  crystalline 
compound  produces  peaks  which  are  characteristic  of  itself. 

Bezborodov  (Ref.  30)  and  Bonetti  (Ref.  31}  discuss  methods  used  in 
deternoining  crystalline  structures  found  in  glasses. 

E.  Metallurgical  Slags  as  Catalysts  for  Crystallization 

The  Soviet  technology  for  devitrified  ceramics  of  high  crystal  con> 
tent  is  termed  sitallurgy.  The  term  "sital"  is  known  in  the  USSR,  like 
the  term  "Pyroceram"  is  known  in  the  USA.  Professor  I.  1. 
Kitaygorodskiy  (Ref.  32)  and  K.  T.  Bondarev  (Ref.  8,  32)  are  credited 
with  the  development  of  these  sitals.  The  open  literature  concerning 
Soviet  technology  (Ref.  3,  8,  32  -  44)  does  not  provide  many  specifics 
in  relation  to  these  materials,  but  incorporation  of  up  to  35  percent 
ordinary  sand  into  blast>furnace  slags  was  stated  to  provide  materials 
suitable  for  production  of  sitals:  addition  of  crystallization  accelera¬ 
tors  and  oxides  controlling  the  reduction  processes  improve  the  final 
product.  The  use  of  dump  slags  is  also  possible  but  requires  addi¬ 
tional  operations  and  is,  therefore,  less  advantageous.  It  was  stated 

o  o 

that  these  materials  begin  to  soften  between  1400  to  1500  C  (Ref.  33, 
37). 

F.  General  Summary 

At  the  present  time  production  of  microcrystalline  materials  from 
a  glass  base  are  being  obtained  in  four  basic  ways.  Based  on  catalyzing 
of  the  crystallization,  the  four  major  categories  are:  (1)  fluorine; 

(2)  light-sensitive  materials  (gold,  silver,  copper);  (3)  titanium  dioxide; 
and  (4)  iron  and  manganese  sulfide  (metallurgical  slags).  Since  this 
report  is  concerned  primarily  with  those  devitrified  ceramics  which 
are  made  from  glass  by  controlled  nucleation,  and  are  principally 
crystalline  in  final  analysis,  the  reaminder  of  the  discussion  is  re¬ 
stricted  to  the  titanium  dioxide  catalyst  materials  and  those  produced 
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from  metallu7;gical  slags.  It  is  interesting  to  note  that  crystalliza¬ 
tion  behavior  is  greatly  dependent  upon  composition  as  demonstrated 
later  in  this  report.  An  area  suggested  for  future  investigation  is  that 
of  providing  compositions  which  will  not  deform  under  increased  heat¬ 
ing  rates  (>5^  C  per  minute)  thus  reducing  production  time  and  cost. 


14 


in.  NUCLEATION  AND  CRYSTAL,  GROWTH 


The  fandamentad  phenomenon  involved  in  producing  these  mater¬ 
ials  is  devitrification  generally  considered  as  consisting  of  two 
processes  -  the  formation  of  nuclei  in  the  glass  and  growth  of  crys¬ 
tals  from  these  nuclei.  Controlling  the  devitrification  or  crystalli¬ 
zation  process  from  the  glassy  state  is  a  necessary  prerequisite  to 
solve  the  practical  problems  arising  during  the  production  of 
devitrified  ceramics.  This  particular  subject  area  is  extremely 
complex,  controversial  in  many  basic  aspects,  and  has  been  reviewed 
in  detail  by  others.  Hence,  the  intention  of  this  discussion  is  only  to 
make  one  aware  of  important  basic  and  practical  factors  and  funda¬ 
mental  studies  dealing  with  the  nucleation  and  crystallization  of 
glasses.  The  classical  studies  by  Tanunan  (Ref.  45}  and  his 
associates,  as  well  as  later  important  studies  and  reviews  by 
Kingery  (Ref.  46),  Friedberg  (Ref.  47,  48),  Van  Hook  (Ref.  49), 

Blau  (Ref.  50,  51),  Thakur  (Ref.  216),  Parmelee  (Ref.  52),  Stookey 
(Ref.  53,  54),  Kleber  (Ref.  55)^  Berezhnoy  (Ref.  56),  Robredo  (Ref. 
57),  King  (Ref.  58),  and  the  Symposium  on  Nucleation  and  Crystalli¬ 
zation  in  Glasses  and  Melts  (Ref.  59)  are  of  interest  in  these  areas. 

Tamman's  (Ref.  45)  classical  studies  on  crystallization  during 
cooling  from  the  melt  elucidated  the  basic  principles  applied  to  the 
making  of  opacified  glazes,  porcelain  enamels,  and  later  devitrified 
ceramics  as  explained  by  Parmelee  (Ref.  52)  and  Shannon  et  al. 

(Ref.  47).  Tammaui  pointed  out  that  the  formation  of  visible  crystals 
depends  upon  three  conditions:  (1)  the  number  of  nuclei  formed; 

(2)  the  rate  of  growth  of  the  crystals;  and  (3)  the  viscosity  of  the 
melt.  Blau's  (Ref.  50)  relationships  of  these  conditions  are  shown 
in  Figures  1  and  2. 

Mellor  (Ref.  60)  and  Norton  (Ref.  61)  applied  these  principles  to 
glazes,  while  Zsigmondy  (Ref.  62),  Silverman  (Ref.  63),  and  Wright 
(Ref.  64)  used  them  for  forming  crystallites  in  glasses.  However, 
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FIGURE  1  UNCONTROLLABLE  DEVITRIFICATION  (REF.  50) 
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FIGURE  2  CONTROLLABLE  DEVITRIFICATION  (REF.  50) 


the  first  application  of  the  principles  for  controlled  nucleation  in 
glass  is  credited  to  Blau  (Ref.  50).  Blau  discovered  how  to  control 
the  number  and  size  of  crystallites  in  the  production  of  opal  glasses 
possessing  special  diffusing  properties. 

Blau's  invention  is  described  with  reference  to  Figures  1  and  2. 
Figure  1  represents  a  glass  which  devitrifies  or  opacifies  spontane¬ 
ously  upon  cooling.  The  glass  is  removed  from  the  furnace  at  a 
relatively  high  temperature,  such  as  T^.  Nuclei  grow  within  the 
temperature  range  T2  to  T^,  and  crystalline  nuclei  form  only  within 
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the  temperature  range  T  to  T_.  The  article  remedns  barren  of 

J  D 

nuclei  necessary  for  the  formation  and  growth  of  crystals  until  it 
reaches  T^,  even  though  nuclei  may  grow  from  to  T^.  During 
cooling  from  to  T^,  nuclei  form,  and  because  the  crystal  growth 
and  nuclei  formation  ranges  overlap,  crystalline  growth  occurs  simul¬ 
taneously,  thus  causing  the  glass  to  opacify.  Below  no  further 
crystallization  occurs  since  the  viscosity  of  the  glass  has  become  so 
great  as  to  oppose  any  further  changes.  Due  to  the  overlapping  rela¬ 
tionship  of  the  two  ranges,  the  conditions  within  which  nuclei  form 
and  crystals  grow  are  fixed  so  that  there  is  no  control  of  the  proper¬ 
ties  of  the  resultant  article.  Because  nuclei  are  continuously  forming 
and  growing  simultaneously,  the  crystals  are  of  random  size,  and  it 
is  not  possible  to  control  the  results. 

In  order  to  have  the  ability  to  control  the  number  and  size  of 
crystals  and  to  have  reproducible  results,  Blau  (Ref.  50,  51).  separa¬ 
ted  the  two  overlapping  temperature  ranges,  as  shown  in  Figure  2. 

The  glass  leaves  the  furnace  at  temperature  TC^,  and  the  article  is 
formed.  Crystal  growth  does  not  occur  until  cooling  to  TC^.  The 
number  of  nuclei  formed  within  the  range  TC^  to  TC^  depends  both 
upon  the  temperature  and  time  the  article  is  exposed.  According  to 
Figure  2,  then,  the  nuclei  would  form  in  large  numbers  at  a  high  rate 
at  the  peak  of  curve  F. 

After  forming  the  specified  number  of  nuclei,  the  article  is 
reheated  uniformly  through  the  range  TC^  to  TC2  where  crystal 
growth  occurs,  and  again  the  extent  of  growth  depends  upon  the  tem¬ 
perature  auid  time  of  exposure.  The  resultant  crystals  are  of  con¬ 
trolled  size  and  number,  and  with  proper  sched\iling  can  be  repro¬ 
duced.  This  principle  is  identical  to  that  used  for  the  new  type 
devitrified  ceramics. 

Factors  which  influence  the  rate  of  nucleus  formation  and  the 
velocity  of  crystalline  growth  as  outlined  by  Blau  (Ref.  51)  for 

controlled  formation  of  crystallites  in  opal  glasses  and  applicable 
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for  devitrified  ceranucs  are  as  follows: 

1.  Number  of  crystalline  substituents  (molecules,  atoms*  or 
ions)  per  space  lattice  element 

2.  Orientation  of  the  crystalline  substituents 

3.  Kinetic  energy  of  the  crystallizing  substituents 

4.  Viscosity  of  the  glass 

5.  Concentration  of  the  crystallizing  substituents 

6.  Magnitude  of  the  energy  chainges  involved  (latent  heats  of 
crystallization  or  solution) 

7.  Thermal  conductivity  or  rates  of  transfer  of  heat  to  or  from 
the  region  of  crystallization 

8.  Rate  of  diffusion  to  or  from  the  region  of  crystallization 

9*  Interfacial  concentrations  adsorption 

10.  Influences  of  polar  forces 

11.  Variations  in  the  fugacities  of  crystallites  with  their  radii  of 
curvature,  etc. 

Blau  states  that  the  relative  influences  of  these  factors  probably 
made  it  possible  to  obtain  glasses  yielding  a  single  species  of  crystal¬ 
lites  whose  characteristic  curves  may  be  represented  as  in  Figure  2. 
The  exact  effects  of  each  of  these  factors  on  nucleation  and  crystal 
growth  phenomenon  has  not  been  precisely  determined. 

The  general  principles  and  mechanisms  of  nucleation  were  com¬ 
piled  for  a  chemical  engineering  symposium  at  Northwestern 
University  in  1951  (Ref.  65).  A  recent  literature  review  by  IQi  ^ 

(Ref.  58)  in  1960  briefly  summarizes  from  a  theoretical  point  of  view 
the  principles  and  factors  involved  during  the  nucleation  and  crystal 
growth  of  normal  type  glass  fibers.  Since  King's  review  summarizes 
the  literature  for  the  devitrification  of  normal  type  glasses,  his 
study  should  be  used  only  as  a  general  basis  for  the  formation  of  nuclei 
and  crystal  growth  in  devitrified  ceramics.  It  should  be  realized 
that  the  theoretical  viewpoint  is  only  one  of  several  means  used  in  the 

literature  for  explaining  these  phenomena. 
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A.  Formation  of  Nuclei 


King  states:  "Nuclei  may  result  from  inhomogeneities  initially 
present  in  the  glass  or  from  the  spontaneous  development  of  inhomo¬ 
geneities  during  cooling.  Inhomogeneities  may  result  from  (1)  the 
incomplete  fusion  and  diffusion  of  the  raw  materials  of  the  glass  batch, 
(2)  the  presence  of  minor  constituents  having  a  relatively  low  solubility 
in  the  glass,  (3)  a  difference  in  surface  composition  due  to  volatiliza¬ 
tion,  (4)  the  accidental  contamination  of  the  glass  surface,  and  (5)  the 
exposure  of  the  glass  to  radiation,  "  and  in  the  case  of  de vitrified 
ceramics  we  may  add  (6)  controlled  nucleation  by  induced  nucleating 
agents . 

"The  theories  of  spontaneous  nucleation  have  been  reviewed  by 
Brown  (Ref.  66),  and  Stookey  (Ref.  53),  the  original  theory  having  been 
devised  by  Gibbs  (Ref.  67),  Thompson  (Ref.  68),  Volmer  (Ref.  69), 
Becker  and  Doering  (Ref.  70),  Frankel  (Ref.  71),  and  Turnbull  Fisher 
(Ref.  72).  Stookey  summarizes  as  follows: 

*1.  The  growth  of  a  new  phase  B  at  the  cost  of  an  initial 
phase  A  can  proceed  only  if  they  are  not  in  equilibrium 
with  one  another,  so  that  during  the  change,  phase  A  is 
in  metastable  equilibrium  with  respect  to  B. 

'2.  Nuclei  of  phase  B  are  very  small  particles  of  B.  They 

differ  from  larger  particles  not  only  by  being  smaller  but 

also  by  their  abnormally  large  surface,  and  therefore 

surface  energy  and  surface  tension.  For  a  drop  that  is 

not  too  small,  its  total  surface  free  energy  is  Sc,  or 
2 

4'iTr  c,  where  c  is  the  surface  tension,  r  is  the  drop 
radius,  and  S  is  the  surface  area. 

‘3.  If  the  surface  energy  of  the  nuclei  of  the  B  phase  with 
respect  to  the  metastable  A  phase  is  taken  into  account, 
the  notion  of  thermodynamic  equilibrium  can  be  used  to 
derive  relations  for  critical  size  of  nuclei.  ' 
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"The  work  of  formation  W  of  a  nucleus  of  phase  B  of  critical 

size  r  is 
c 


W  . 


4  2 

3  c 


(1) 


for  the  smallest  nucleus  that  is  stable  and  capable  of  spontaneous 
growth 


r 

c 


2  Q- 

P"  “  P* 


(2) 


where  or  is  surface  tension  and  p"  and  p'  are  vapor  pressures 
within  the  drop  (nucleus)  and  in  the  mother  phase.  " 

An  equation  of  the  Arrhenius  form  has  been  reported  (Ref.  53) 
to  have  been  successfully  applied  to  the  calculation  of  the  rate  of 
nucleation  in  condensed  systezxis: 


Ae 


-  (W  +  AE  .  ) 

VIS 

kT 


where  R 

A 

W 


3 

rate  of  nucleation  (droplets/ sec.  /  cm  ) 
constant  (collision  number  referred  to  as  the 
frequency  factor) 

work  of  critical  nucleus  formation  and  is  propor¬ 
tional  to  -  F  where  F,  and  F  are  the 
Fj  c  1  c 

free  energy  per  moleciile  of  liquid  and  crystal 
phase,  respectively,  at  the  temperature 
considered. 

activation  energy  for  viscous  flow 
Boltzmann  constant 
Absolute  temperature 


The  equations  which  were  previously  discussed  illustrate  the 
simplest  cases  of  homogeneous  nucleation  phenomena.  These  equations 

must  be  modified  for  different  forms  and  varieties  of  nuclei,  and  the 
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pre 'exponential  factor  plus  other  factors  must  be  evaluated  for  the 
various  types  of  nucleation  and  transformation  which  occur.  Such 
factors  ar  strain  contributions,  nonequilibrium  conditions,  disregis- 
try,  energy  of  dislocations,  absorption  and  desorption  phenomena, 
must  be  considered  for  true  evaluations  of  actual  nucleation  rates. 

Since  the  basic  theories  of  nucleation  do  not  include  all  the  necessary 
parameters  for  heterogeneous  nucleation  they  have  not  been  very  useful 
in  practice.  In  general  a  variation  of  the  interfacial  tension  of  less 
than  15  percent  between  theory  and  experiment  is  considered  good 
agreement.  It  must  therefore  be  realized  that  this  factor,  which  is  an 
important  part  of  every  equation,  is  questionable  for  most  cases. 
Satisfactory  agreement  generally  occurs  in  cases  of  nucleation  from 
vapors,  but  only  qualitative  comparisons  result  for  condensed  systems 
(Ref.  49).  Separating  nucleation  rates  from  crystal  growth  rates  is 
another  major  difficulty,  since  the  growth  of  crystals  requires  the 
formation  of  a  primary  seed  crystal  or  nucleus. 

In  concluding  this  oversimplified  discussion  on  nucleation  it 
should  be  emphasized  that  much  scientific  knowledge  must  be  discover¬ 
ed  before  we  clearly  vmderstand  this  phenomena.  Caution  must  be 
applied  when  using  this  theory  regarding  nucleation  for  controlled  form¬ 
ing  of  devitrified  ceramics  to  provide  any  agreement  between  theory 
and  experiment.  According  to  Tiller  (Ref.  213)  there  have  been  only 
two  well  established  cases  of  homogeneous  nucleation  appear  in  the 
literature:  one  for  the  solidification  of  water  and  the  other  for  the 
solidification  of  mercury  droplets  coated  with  mercuric  laurate.  How¬ 
ever,  it  is  the  opinion  of  some  experts  in  devitrified  ceramics  that 
homogeneous  nucleation  does  occur  in  some  systems. 

B.  Crystal  Growth 

King's  (Ref.  58)  review  of  crystal  growth  for  \mcontrolled  devitri¬ 
fication  provides  one  with  important  parameters  to  consider  and  is 
therefore  included  here.  King  states  that: 
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*'The  mechanism  of  crystal  growth  in  glass  has  been 
approached  both  empirically  and  theoretically  and  often  a 
combination  of  the  two  has  been  used.  It  has  been  observed 
that  the  rate  of  crystal  growth  is  zero  at  the  liquidus  temp¬ 
erature  and  then  as  the  temperature  is  lowered«  first 
increases  and  then  decreases.  If  additional  crystalline 
phases  appear  below  the  liquidus  temperature  they  too  ex¬ 
hibit  first  an  increase  and  then  a  decrease  in  the  rate  of 
growth*  Brown  and  Kistler  (Ref.  73,  74)  reviewed  the  sub¬ 
ject  and  reported  a  number  of  equations  to  have  been  devel¬ 
oped  for  the  rate  of  crystal  growth.  The  equations  listed  by 
them  along  with  additional  equations  from  the  literature  are 
as  follows: 

'Richards  (Ref.  75)  and  Leont'eva  (Ref.  76)  and  others  pub¬ 
lished  equations  of  the  form  g  K  (T^  -  T)/q  (4) 

where  g  «  rate  of  crystal  growth 
K  «  constant 

■  liquidus  temperature  in  degrees  K 
T  »  temperature  in  degrees  K 
T)  ■>  viscosity  in  poises 

'Leont'eva  (Ref.  76)  is  also  credited  with  the  expression  for 
a  fixed  temperature 

g  -  -^  +  K^log^  (5) 

'Swift  (Ref.  77)  suggested  the  following: 

g  -  K(Tj^  -  T)/  (6) 

y  m  some  power  between  1  and  2 
'Preston  (Ref.  78)  published  the  formula 

g  -  ^  -  T)  (7) 
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Equations  (4}«  (6)  and  (7)  apply  only  at  temperatures  below 
that  at  which  the  rate  of  growth  is  a  mciximum. 

'Frankel  (Ref.  71),  and  Takayanagi  and  Yamashita  (Ref.  79) 
published  the  following: 

B 

g  -  exp  {  -  [  U  +  — 3-^  ]  /k  T  }  (8) 

L 

where  A  and  B  are  constants 
o  o 

U  »  activation  energy  for  diffusion  of  crystal- 
forming  material  to  the  crystal  phase 
k  »  Boltzmann  constant 
’Cox  and  Kirby  (Ref*  80}  published  the  equation 

(E  -Ej/kT  -E  /kT 

g  -  A^[  1  -  (p+  l)e  ^  ^  ]  e  ^  (9) 

E^  «  energy  necessary  to  enable  a  glass  phase  ion  to 
become  mobile 

a*  energy  necessary  to  enable  a  crystal  phase  ion  to 
become  mobile 

p  K  ratio  of  the  surface  densities  of  crystal  and  glass. 

'Turnbull  (Ref.  81)  published  the  equation 

-AF  /kT  (T-T  )/kT 

g  -  A^(kT/h)e  *  {l-e  °  ^  }  (10) 

where  h  *  Planck  constant 

AF  «  free -energy  difference  between  activated  com- 
a 

plexes  and  atoms  in  the  glass 

X  »  heat  of  fusion 
o 


'Brown  and  Kistler  (Ref.  66,  74)  found  the  following  empiri 
cal  equation  to  provide  satisfactory  agreement  with  the 


♦  available  data  on  the  rate  of  growth  of  crystals  in  glass 
g  »  ATe  {1  -c  }  i 


I 
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A,  B,  a  and  p  are  constants. 

'According  to  Brown  and  Kistler  (Ref.  74)  the  process  of 
crystal  growth  consists  of 

a.  The  diffusion  of  crystal  forming  species  to  the 
glass -crystal  interface. 

b.  The  disintegration  of  the  glass  structure  at  the 
glass -crystal  interface  into  mobile  fragments  of 
crystal -forming  material.- 

c.  The  adjoining  of  mobile  crystal -forming  fragments 
with  the  crystal  phase. 

d.  The  orientation  required  for  crystal  building. '  " 

The  above  review,  although  originally  written  for  a  normal  type 

glass  Bber,  provides  one  with  basic  important  parameters  to  con¬ 
sider  in  all  types  of  crystal  growth  in  glass.  Caution  should  be  taken 
in  considering  any  of  the  above  formulas  for  use  in  determining  pre¬ 
cise  results  in  developing  devitrified  ceramics. 

A  recent  important  aspect  for  devitrified  ceramics  e3q>loited  by 
Vogel  (Ref.  82)  is  the  possibility  of  controlled  crystallization  being 
due  priznarily  to  "epitaxy"  (controlled  generation  or  oriented  growth 
of  some  material  in  a  crystalline -bearing  surface).  Vogel  by  special 
electron-optical  studies  made  on  beryllium  fluoride  glasses  stimu¬ 
lated  to  spontaneous  crystallization  showed  that  tpitaxy  may  be 
regarded  as  a  decisive  basic  process  in  most  phenomena  of  con¬ 
trolled  crystallization.  The  field  of  epitaxial  phenomena  has  also 
been  touched  upon  by  Neuhaus  (Ref.  83),  Bauer  (Ref.  84)  and 
Kleber  (Ref.  85).  Abbott  and  Kerrigan  (Ref.  217)  prepared  an  anno¬ 
tated  bibliography  on  epitaxial  growth. 

To  illustrate  the  mechanisms  involved  in  the  crystallization  of 
special  devitrified  ceranoic,  the  L.i20  •  hlgO  •  Al^O^*  Si02  devitrified 
ceramic  studied  by  Ownby  (Ref.  6)  is  given.  Ownby,  by  techniques 
of  microscopy,  showed  that  crystallization  of  devitrified  ceramics 
is  preceded  by  three  definite  mechanisms. 


(1)  Surface  nucleation  and  consequent  crystallization  during  the 
earliest  stage  of  heat  treatment; 

(2)  Internally  nucleated  glass -in-glass  droplets  during  prelimi¬ 
nary  heat  treatments;  and 

(3)  Internally  nucleated,  well -developed  crystals  changing  in 
crystal  form  during  heat  treatment. 

Ownby  states  it  is  significant  to  note  that  apparently  none  of  these 
mechanisms  play  a  dominant  role  in  the  nucleation  and  crystallization 
processes,  but  they  have  definite  effect  on  property  behavior  at  each 
stage  of  development. 

The  very  important  recent  contributions  by  Mauer  (Ref.  86), 
Vogel  and  Gerth  (Ref.  87),  Anderson  and  Friedberg  (Ref.  88),  Roy 
(Ref.  89)  Ohlborg  et  al.  (Ref.  90),  Westman  and  hlurthy  (Ref.  91), 
Rindone  (Ref.  92)  and  Hillig  (Ref.  93)  on  crystallization  of  devitrified 
cerannics  have  been  compiled  and  placed  into  a  unified  source  by  the 
American  Cerannic  Society  (Ref.  59).  The  abstracts  of  these  signi¬ 
ficant  investigations  are  placed  in  Appendix  II  of  this  report  to  assist 
the  researcher  in  determining  their  general  value  for  his  work. 

The  general  res\ilt  of  the  American  Ceramic  Society  symposium 
in  Matson  and  Rindone 's  publication  as  stated  by  Hillig  (Ref.  94) 
was  that  liquid  unmixing  was  probably  the  significant  factor  leading 
to  uniform  crystallization.  Hillig  was  also  of  the  opinion  that  con¬ 
stituents  that  lead  to  nonideal  solution  behaviors,  regardless  of 
whether  they  result  in  \uunixing  or  not,  can  become  effective  nuclea¬ 
tion  catalysts  by  lowering  the  interfacial  free  energy  between  the 
crystal  and  the  melt. 
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IV.  STATE  OF  THE  ART 


A.  General  Summary 

In  general  the  subject  of  devitrified  ceramics  produced  by  con¬ 
trolled  and  induced  nucleation  from  a  glass  article  and  being  princi¬ 
pally  crystalline  in  structure  is  relatively  new  and  of  increasing 
significance.  There  are  two  useful  types  of  particular  technical 
importance  described  in  the  open  literature.  One  of  them  is  a  lithia- 
alumina-silica  (trademarked  Corning  Pyroceram  9608)  nucleated  with 
titania  which  includes  a  relatively  extensive  field  of  compositions 
crystallizing  to  P-spodumene,  Pi-eucryptite,  or  solid  solutions  con¬ 
taining  one  or  both,  for  low-expansion  devitirfied  ceramics.  These 
can  be  formed  by  any  of  the  conventional  methods  now  employed  in  the 
glass  industry:  blowing,  pressing  and  drawing.  The  second  type  is  a 
magnesia-alumina-silica  (trademarked  Corning  Pyroceram  9606) 
nucleated  by  titania,  which  includes  glass  compositions  crystallizing 
to  cordierite.  These  have  been  primarily  used  in  constructing  radomes 
for  high  speed  guided  missiles  and  in  electrical  insulation.  This 
devitrified  ceramic  is  produced  from  a  more  fluid  condition  than  most 
glasses,  permitting  such  forming  methods  as  centrifugal  and  gravity 
casting  to  be  used.  General  information  concerning  these  two  mater¬ 
ials  is  found  in  many  periodical  references  (Ref.  95-126). 

Many  other  forms  of  these  devitrified  ceramics  have  been  produced 
commercially  for  special  uses.  The  following  are  presently  avail¬ 
able  as  families  of  materials:  (1)  "Cercor"  is  the  name  given  to 
Coming's  family  of  thin -walled  cellular  devitrified  ceramics  primarily 
used  in  heat  exchangers;  (2)  "Nucerite"  coatings  produced  by  the 
Pfaudler  Company  consist  of  a  devitrified  ceramic  bonded  to  a  variety 
of  base  metals;  and  (3)  some  adhesive  materials  include  "Astroceram" 
made  by  American  Thermo  catalytic  Corporation,  Emerson  and 
Cumings  "Eccoceram,  "  and  Coming's  "Pyroceram"  brands.  Other 

specialty  items  include  Fotoceram  which  is  a  photosensitive  material 
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made  by  Coming  and  "Glaceram"  a  core  drill  bit  material  produced 
by  Hoffman  Brothers  Drilling  Company,  Inc. 

Kxtensive  research  on  devitrified  ceramics  has  been  performed 
in  the  United  States  by  Corning  Glass  Works,  Owens-Illinois,  Pittsburgh 
Plate  Gla^ss  Company  and  many  other  US  organizations  such  as  Ltibbey- 
Owens-Ford,  the  University  of  Utah  and  Pennsylvania  State  University. 

Foreign  work  according  to  the  open  literature  has  been  principally 
performed  in  Japan  (Glass -Ceramics),  Germany  (Vitreous  Ceramics) 
and  the  Soviet  Union  (Sitallurgy).  In  general  the  literature  indicates 
that  the  USA  is  the  leader  in  the  development  of  devitrified  ceramics. 

The  Japanese  and  Germans  appear  to  be  interested  mainly  in  the  sci¬ 
entific  aspects  or  in  developing  quality  and  reliable  products  similar 
to  the  USA,  as  compared  to  the  lower  quality  but  useful  structural 
products  presently  reported  by  the  Soviet  Union.  The  Soviets  write 
reports  principally  concerning  their  slag  sital  product  used  for  con¬ 
struction  of  buildings.  This  material  is  not  a  reproducible  or  quality 
type  item,  but  a  very  useful  building  material  made  from  abundant  and 
cheap  raw  materials.  Other  sitals  have  been  mentioned  as  showing 
promise  for  use  in  the  manufacture  of  internal  combustion  engine 
parts,  gas  turbines,  ball  bearings,  ball  mills,  chemical  food  machin¬ 
ery,  electronics  and  pumps.  The  Soviets  appear  to  be  very  interested 
in  expanding  their  research  activities  in  this  field  and  at  one  time 
hoped  to  have  items  in  mass  production  by  1962.  The  information 
available  at  this  time  does  not  indicate  that  any  mass  production  is  an 
actuality  today.  However,  it  does  indicate  that  they  not  only  possess 
the  knowledge  to  perform  such  production  but  serious  plans  of  expan¬ 
sion  in  the  field  of  sitallurgy. 

1,  Factors  Affecting  Properties 

The  properties  of  fully  crystallized  devitrified  ceramics  are 
primarily  controlled  by  the  effects  caused  by  change  in  composition, 
thermal  history  and  surface  treatment  following  forming  of  the  glass 
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article.  Composition  and  thermal  treatment  control  many  structure > 
related  parameters  such  as  the  number,  distribution,  size,  shape  and 
growth  rates  of  the  crystals,  and  ultimately  affect  the  glass/ crystal 
ratio,  which  are  basic  characteristics  involved  in  determining  the  final 
property  values.  The  significance  of  each  parameter  as  related  to 
each  property  is  not  agreed  upon  by  the  various  investigators  and  leaves 
a  wide  area  open  for  future  investigations. 

The  manufacturing  process  used  in  preparing  these  special 
devitri&ed  ceramics  also  influences  the  properties.  Given  proper 
quantities  of  oxides  and  a  batch  formula,  it  is  possible  to  make  a  glass, 
a  devitrified  ceraxnic  or  a  sintered  ceramic  all  having  the  same  chem¬ 
ical  composition  but  different  microstructures  and,  consequently, 
different  properties.  Stookey  (Ref.  1)  compares  the  microstructure 
of  these  three  types  of  ceramics  and  shows  the  significant  differences. 

In  general,  studies  of  sintered  ceramics  with  grain  sizes  over  20  mi¬ 
crons  have  shown  that  the  modulus  of  rupture  is  inversely  proportion¬ 
al  to  the  grain  size  (Ref.  53),  and  presumably  independent  of  surface 

flaws.  Glass,  considered  to  be  amorphous  or  of  zero  crystal  size, 

6 

has  intrinsic  interatomic  bond  strength  above  10  psi,  but  surface 

4 

flaws  reduce  the  flexural  strength  to  the  order  of  10  psi.  The  fully 
crystallized  devitrified  ceramics  with  respect  to  grain  size  are 
essentially  between  the  glass  and  sintered  ceramic.  It  should  then  be 
possible  to  determine  the  effective  growth  size  leading  to  ceramics  of 
maximum  tensile  strength.  The  strength  of  devitrified  ceramics  is 
generally  higher  than  sintered  ceramics  of  the  same  composition. 

B.  Fxmdamental  Studies 
1.  Structure 

In  devitrified  ceramics  of  the  type  being  considered,  glass  is 
the  intermediate  material  and  the  final  material  is  principally  crys¬ 
talline.  The  number  of  precipitated  particles  ranges  from  approxi- 
9  15 

mately  10  to  10  per  cubic  millimeter  of  glass.  By  having  a  large 
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number  of  crystals  growing  simultaneously,  complete  crystallization 
is  obtained  with  average  crystal  diameters  from  one  micron  down  to 
100 A  {Ref.  54). 

The  microstructure  of  nucleated  devitrified  ceramics  was 
generalized  by  Stookey  in  his  owrk  on  the  Mg0-Al202-Si02,  TiO^- 
nucleated  system  (Ref.  1).  Micrographs  of  the  progressive  nucleation 
and  crystallization  in  this  system  are  illustrated  by  Burke  (Ref.  54). 
The  following  are  Stookey 's  generalizations  describing  the  structure. 

(1)  In  the  earliest  stages  of  crystallization,  and  also  in  crys¬ 
tals  grown  at  low  temperatures  where  the  glass  viscosity  is  high,  the 
crystals  are  spheroidal. 

(2)  Work  by  Maurer  (Ref.  86)  showed  that  crystal  nucleation 
in  some  devitrified  ceramics  is  preceded  by  an  emulsion  (two -liquid 
phase  separation)  consisting  of  droplets  only  a  few  Angstroms  in  si^«. 
These  droplets  form  crystal  nuclei,  and  undoubtedly  the  initial  size 
and  shape  of  the  crystallite  is  determined  in  this  way. 

(3)  Crystals  of  5,000  to  10,000  Angstroms  (0.50  to  1.0 
xmcron)  exhibit  iuigular  surfaces  with  rounded  corners,  and  larger 
crystals  are  sharply  angular.  Some  cases  of  spherulitic  growth  have 
been  observed  in  poorly  nucleated  glass,  in  which  isolated  crystals 
grow  to  as  large  as  1  millimeter.  The  fine -structure  of  these  spheru- 
lites  are  qxiite  complex  and  resembles  some  of  those  observed  in 
organic  high  polymers. 

(4)  Orientation  of  crystals  in  devitrified  ceramics  is  com¬ 
pletely  random,  because  they  precipitate  from  homogeneous  solutions 
under  conditions  free  from  any  directional  stress.  Some  exceptions 
to  random  orientation  are  observed  in  the  surface  layers  of  certain 
devitrified  ceramics  in  which  the  internal  nucleating  agent  is  less 
efficient  than  the  surface.  In  such  cases,  a  layer  of  surface -nucleated 
crystals  is  oriented  perpendicular  to  the  surface. 

Ownby  (Ref.  6)  provides  a  review  of  glass  structure  and 
photographs  of  microstructure  of  a  Li^O*  MgO*  Al^O^*  Si02 
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devitrified  ceramic.  The  glassy  microphase  structure  theory  of 
Watanabe  and  Moriya  (Ref.  127)  appear  to  agree  with  the  studies  of  a 
number  of  glass  compositions  related  to  devitrified  ceramics  (Ref. 
128).  Figures  3  and  4  schematically  represent  this  relationship. 

More  recent  work  in  this  area  has  been  performed  by  Roy  (Ref.  89). 

Vogel  and  Gerth's  (Ref.  87)  work  on  cooling  of  a  glass  melt 
support  the  concept  of  ’’glassy-microphases"  or  sometimes  referred 
to  as  "glass -in>glass  separation.  "  Grieg  (Ref.  131)  also  shows  this 
type  of  structural  change  during  heat  treatment.  Vogel  and  Gerth 
concluded  that  on  cooling  a  glass  melt,  clusters  of  homogeneous  ions 
will  aggregate  in  selected  areas.  These  clusters  form  in  a  state 
which  is  intermediate  between  ideal  disorder  and  ideal  order.  The 
intermediate  state  is  explained  by  the  melt  cooling  too  rapidly  to 
satisfy  either  ideal.  These  clusters  come  together  to  form  droplets 
which  separate  from  the  matrix  glass  and^form  crystalline -like  inter¬ 
faces.  The  formation  of  these  droplets  can  and  must  be  controlled 
and  iS|  according  to  these  investigators,  the  basic  consideration  in 
the  production  of  devitrified  ceramics. 

Ohlberg,  et  al.  (Ref.  90,  132)  studied  the  systems 
Ti02‘ MgO  •  Al^Oj*  SiO^  and  TiO^- *  ^^°2  Pr«s®"ted 
evidence  that  the  glasses  were  crystallized  by  virtue  of  a  glass -in¬ 
glass  droplet  separation  causing  internal  nucleation. 

2.  Strength 

The  strength  of  various  devitrified  ceramics  vary  with  slight 
changes  in  composition.  Anisotropy,  which  can  be  important  in 
decreasing  the  strength  of  polycrystalline  ceramics,  does  not  create 
this  weakening  effect  in  the  nucleated  devitrified  ceramics. 

a.  Relating  strength  to  crystal  size 

Stookey  (Ref.  1)  reports  the  relationship  of  strength  to 
crystal  size  for  a  fully  devitrified  ceramic  having  the  following  com¬ 
position  in  weight  percent:  ISMgO  *  9Ti02’  ZOAL^O^’  SSSiO^’  The  test 
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URE  (  WATANABE  REF.  130) 


bars  were  heat  treated  46  hours  at  740®  C,  and  then  heated  at  1000®  C 
for  various  lengths  of  time  before  being  cooled  in  air.  The  surface 
layers  were  ground  off  to  a  depth  of  one  millimeter^  and  crystal  size 
was  determined  by  electron  micrographs.  Six  crystal  compositions  as 
listed  below  were  identified  by  X-ray  diffraction. 

Cordierite  (2MgO*Al  O^^SSiO^) 

Spinel  (MgO-  Al^O^) 

Magnesium  Metasilicate  (MgO* 

Quartz  (SiO^) 

Rutile  (TiO^) 

Magnesium  Aluminum  Titanate  (MgO  •  "^2^3^ 

Young's  modulus  was  determined  by  a  dynaznic  method,  and 
modulus  of  rupture  (MOR)  by  a  standard  four -point  loading  method  on 
both  polished  bars  and  bars  abraded  with  150-grit  emery.  All  the 
tested  specimens  were  essentially  completely  crystalline.  Actual 
results  as  obtained  by  Stookey  are  shown  in  Table  U  and  Figure  5. 
Figure  6  illustrates  how  strengths  of  devitrified  ceramics  are  pre¬ 
dicted  varying  the  crystal  size,  using  the  Gri^th  flaw  concept 
(Ref.  1). 

This  particular  test  showed  some  interesting  generalizations, 
for  example,  the  modulus  of  rupture  was  definitely  dependent  upon 
surface  condition  with  grain  sizes  less  than  0. 5  micron.  The  modulus 
of  rupture  of  abraded  and  of  the  polished  fine-grained  devitrified 
ceramics  increases  with  crystal  diameter  up  to  at  least  0.5  micron 
diameter. 

If  these  ceramics  are  limited  by  the  internal  Griffith  flaws, 
then  by  Figure  6  it  can  be  shown  that  the  inverse  square  root  relation¬ 
ship  with  crystal  size  holds  unless  the  crystals  become  so  small  that 
they  do  not  cause  internal  flaws  or  the  crystals  become  smaller  than 

the  surface  flaws.  The  surface  flaws  become  the  limiting  factor 
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♦Possible  aggregates  of  smaller  crystals 


Figure  5  Modulus  of  Rupture  as  Fxinction  of  Crystal 

Size  and  Surface  Condition  of  a  Fine-Grained 
Devitri£Led  Ceramic  (Ref.  1) 


Figure  6  Schematic  Graph  of  Postulated  Relationship 
Between  Strength,  Crystal  Size  and  Surface 
Flaws  in  Ceramics  (Ref.  1) 
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when  they  are  larger  than  the  crystal  diameter;  this  also  holds  true 
for  glass.  To  illustrate  the  normal  behavior  for  ceramics  it  is 
interesting  to  note  that  strengths  of  polycrystaliine  sintered  aluminum 
oxide  decrease  with  increases  in  grain  size  from  1  to  100  microns  as 
shown  in  Figure  7. 


Figure  7  Effect  of  Grain  Size  on  Strength  of 

Polycrystaliine  Aluminum  Oxide  (Ref.  133) 


Kingery  and  Coble  (Ref.  134)  also  state  that  decreases  in  strength 
with  increasing  grain  size  has  been  observed  for  beryllium  oxide  (Ref. 
135),  thorium  oxide  (Ref.  136),  uranium  oxide  (Ref.  137),  magnesium 
oxide  (Ref.  133)  and  chromium  carbide  (Ref.  136). 

b.  The  Effect  of  Heat  Treatment  on  Strength 

Ownby  (Ref.  6)  studied  the  strength  of  a  fully  crystallized 
polished  devitrified  ceramic  of  the  composition  15  percent  MgO,  13 
percent  Li20,  10  percent  Al^O^  and  53  percent  SiO^  after  various  heat 
treatments. 

The  experimental  procedure  included  preparation  ot  400- 
o 

gram  batches  melted  at  1450  C  in  kyanite  crucibles  in  an  electric 

Globar  furnace  and  stirred  every  15  minutes  until  the  glass  appeared 
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to  be  thoroughly  fined  and  homogeneous.  The  melted  glass  was  then 

o 

poured  into  carbon  molds  preheated  to  450  C,  and  the  filled  molds 
were  returned  to  the  450^  C  furnace.  The  furnace  was  then  turned  off 
and  allowed  to  cool  naturally. 

After  the  rods  were  removed  from  the  molds,  they  were 
cut  into  5/ 8  inch  cylinders  using  a  diamond  saw,  and  were  then  mount¬ 
ed  on  aluminum  disc,  polished  and  later  etched  in  a  solution  of  40 
percent  H^O,  40  percent  HF  amd  ?;0  percent  H^SO^  (by  volume)  for  1 
to  5  seconds.  The  polishing  reduced  the  length  of  the  cylinders  to 
approximately  0.45  inch. 

The  cylindrical  specimens  were  heat-treated  to  six  differ¬ 
ent  temperature  levels  as  shown  in  Figure  8.  The  appearance  varied 
greatly  with  heat  treatment.  The  samples  heat-treated  to  point  1.0 
were  slightly  milky.  The  specimens  with  the  2. 0  heat  treatment  had  a 
greenish-white  opaque  appearance.  As  heat  treatment  went  to  higher 
temperatures  the  specimens  changed  from  the  greenish-white  to  an 
opaque  solid-white  crystalline  appearance.  In  general,  devitrified 
ceramics  go  from  a  transparent  glass  with  no  heat  treatment  to  an 
opaque  solid  white.  However,  color  additives  may  be  used  to  create 
darkness  or  other  shades' if  desired.  When  this  is  done  uniformity  of 
color  is  sometimes  difficult  to  obtain. 

The  crystallization  behavior  at  the  higher  temperatures 
was  affected  primarily  by  two  things:  (1)  the  degree  of  nucleation  that 
took  place  prior  to  heating  above  650*^  C  and  (2)  the  contact  of  the  spec¬ 
imen  with  other  materials. 

The  strengths  were  dependent  upon  the  crystallization 
behavior  pattern.  Figure  9  shows  that  for  those  with  less  nucleation 
prior  to  650^  C  the  strength  increased  during  soaking  at  600^  C,  but 
subsequent  increase  in  temperature,  caused  a  great  decrease  in 
strength.  This  initial  increase  is  not  understood,  but  the  decrease 
'vas  thought  to  be  due  to  a  crack  network  wet  up  by  the  nucleation  and 
growth  of  crystalline  octahedra  and  glass  droplets. 
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HEAT-TREATMENT  TEMPERATURE 

FIG.  9  STRENGTH  OF  GLASS-CERAMIC  CYLINDERS 
VS.  HEAT-TREATMENT 
OWNBY  (REF.  6) 


The  highly  nucleated  specimens  tended  to  increase  in 
strength  at  the  higher  heat-treatment  temperatures.  Ownby  (Ref.  6) 
also  showed  that  the  maximum  strength  in  the  1.0  heat -treatment 
series  was  more  than  double  that  of  the  maximum  strength  of  an  un¬ 
treated  specimen. 

Dilatometer  test  results  showed  that  for  the  1.x  heating 
cycles  as  shown  in  Figure  8  all  samples  softened  at  650°  C,  whereas 
the  2.x  heating  cycle  series  softened  at  about  1075°  C. 

Sahka*  et  al.  (Ref.  138)  also  studied  the  effect  of  heat- 
treatment  on  the  strength  of  devitrified  ceramic  materials  from  the 
system  Lii^O-MgO ‘Al^Og'SiO^.  Ownby  (Ref.  6)  reviewed  this  work 
and  stated  that  the  composition,  62  percent  SiO^*  23  percent  Al^O^, 

15  percent  MgO  and  4  percent  Li20,  produced  the  crystalline  material 
with  the  highest  modulus  of  rupture  (22050  psi).  For  this  composition 
B-eucryptite  crystallized  out  first  at  about  850°  C  and  B-spodumene 
at  about  1000°  C.  It  was  determined  that  the  strength  increased  with 
soaking  temperature,  which  was  illustrated  earlier  by  Stookey  (Ref.  1). 
There  tends  to  be  a  maximum  sociking  period  for  obtaining  highest 
strengths. 

The  strength  of  another  nucleated  devitrified  ceramic  in 
the  system  K^O  •  Li^O  •  Al^O^*  SiO^  was  studied  by  Watanabe,  et  al. 

(Ref.  139).  The  equipment  and  technique  used  in  this  study  of  strength 
was  that  developed  for  testing  the  pristine  strength  of  glass  (Ref.  140  - 
144). 

The  general  experimental  procedure  consisted  of  the 

following: 

(1)  A  three-pound  batch  was  prepared  and  mixed  for  10 
hours  in  a  ball  mill  according  to  Stookey's  Japanese  Patent  (Ref.  145). 
The  chemical  composition  by  weight  was  80.8  percent  SiO^,  4.0  per¬ 
cent  Al^O^,  12.4  percent  Li2^*  percent  K^O,  0.025  percent 
CeO_,  0.015  percent  SnO_  amd  0. 18  percent  AgCl.  The  batch  was 
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melted  in  preheated  fireclay  crucibles  in  a  Globar  furnace  at  1450^  C 
for  four  hours. 

(2)  The  specimens  were  formed  by  a  drawing  machine 
(Ref.  140)  in  which  the  glass  was  drawn  into  cane  0.  050  to  0. 075  inch 
in  diameter  and  1  to  3  inches  long.  Each  cane  was  beaded  at  one  end. 
These  beads  served  to  hold  the  specimens  during  heat  treatment  to 
avoid  deformation. 

(3)  Heat  treatment  was  accomplished  by  two  heating 
schedules  as  shown  in  Figure  10.  An  example  of  interpretation  of 
this  chart  is  that  N-6-5  means  that  the  N-series  heating  schedule  was 
followed  up  to  600^  C«  the  temperature  held  constant  for  five  hourst 
and  the  specimens  quenched  in  air-to>room  temperature. 

(4)  Following  heat  treatment  some  of  the  specimens  were 
abraded  with  a  grit.blaster  (Ref.  141),  aged  over  H^O  for  20  hours, 
and  tested  in  a  universal  tester  (Ref.  141,  142)  while  immersed  in 
distilled  water.  Figure  1 1  shows  strength  results  of  abraded  and  un¬ 
abraded  specimens. 

The  unabraded  strengths  which  decreased  with  heat  treat¬ 
ment  to  800^  C  were  similar  to  Ownby's  results  for  specimens  having 
insuMcient  nucleation  prior  to  heat  treatment  above  the  nucleation 
point;  however,  since  the  compositions  and  testing  procedures  differed 
greatly  this  is  not  necessarily  significant. 

Watanabe's  study  reports  that  the  strength  of  the  completely 
crystallized  devitrified  ceramic  in  the  abraded  condition  was  approxi¬ 
mately  27,  000  psi,  while  the  glass  in  the  initially  formed  state  was 
about  11,000  psi.  In  the  glassy  state  the  unabraded  pristine  strength 
(0.  82  second  load  duration)  was  in  excess  of  80, 000  psi,  but  for  the 
hilly  heat-treated  materials  the  strength  decreased  to  38, 000  psi. 

The  devitrified  ceramic  was  therefore  stronger  than  the  glass  after 
abrasion,  but  considerably  weaker  when  both  were  unabraded.  This 
work  showed  that  the  optimum  mechanical  properties  were  not  solely 
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FIG.  10  HEAT-TREATWENT  SCHEDUl£  FOR  FIG.  11  STRENGTH  OF  ABRADED  AND  UN- 

GLASS-CERAMIC  SPECIMENS  ABRADED  GLASS-CERAMIC  VERSUS 

(REF.  B9)  HEAT-TREATMENT.  TESTED  WET  WIT 

LOAD  DURATION  OF  0.820  s«cs. 

(REF.  D9) 


dependent  on  the  detailed  heating  schedule  above  the  nucleation 
temperature  (600°  C). 

Watanabe  (Ref.  139)  concluded  that  his  study  did  not  proviae 
a  precise  answer  to  what  characteristics  .of  the  devitrified  ceramic 
lead  to  hardness  and  abrasion  resistance,  but  stated  it  seems  plausible 
that  micro  •crystallinity  is  not  necessarily  the  most  important  factor. 

He  suggests  that  the  mechanical  properties  may  be  partially  determined 
by  the  glassy  matrix  which  remains  as  crystallization  proceeds,  and 
that  gradual  changes  in  the  chemical  composition  of  this  matrix  may  be 
important  factors  in  determining  the  strength  properties. 

These  strength  studies  illustrate  that  the  behavior  of 
devitrified  ceramics  depends  upon  the  nucleation  temperature  and  that 
caution  must  be  realized  by  the  designer  in  heating  these  materials 
beyond  this  limiting  temperature. 

c.  The  effect  of  composition  on  strength 

Thousands  of  compositions  have  been  investigated  and  a 
few  devitrified  ceramics  have  been  developed  for  specific  applications. 
Each  investigator  maintains  specific  property  data  for  a  particular 
composition  on  a  proprietary  or  classified  status  and  therefore  very 
little  information  is  available  in  the  open  literature.  Properties  vary 
greatly  with  composition  and  therefore  compositions  are  extremely 
important  in  the  development  of  devitrified  ceramics  having  specific 
properties. 

Tashiro*  et  al.  (Ref  28,  146,  147)  studied  the  effect  of 
a  platinum  nucleating  agent  on  bending  strengths  for  the  system 
L.i-0*MgO*  Al,0,*SiO_  (Ref.  146),  and  the  effect  of  a  zirconia  nu- 
cleating  agent  on  Li^O-Al^O^-SiO^  (Ref.  28)  glass  system. 

Appendix  1  shows  the  complete  summary  of  the  zirconia>nucleated 
devitrified  ceramics,  giving  viscosity,  coefficient  of  expansion  and 
bending  strengths  for  the  following  range  of  compositions  in  weight 
percent:  60  -  75  20  -  35  Al^O^,  1-5  P^Og,  Li^O  and  ZrO^ 
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contents  were  held  constant.  The  bending  strengths  ranged  from 
7400  to  11800  pounds  per  square  inch. 

Stookey's  Patent  (Ref.  2)  illustrates  101  compositions 
with  expansion  coefficients,  densities  and  heat  treatment  data  for 
each.  The  properties  of  these  devitrified  ceramics  tend  to  acquire 
those  of  the  principal  crystalline  compound.  Table  1  shows  some  pro-<> 
perties  of  principal  crystalline  or  mineral  compounds  known  to  exist 
in  experimental  and  developed  devitrified  ceramics.  Many  polyphase 

systems  such  as  BeO  •  •^^2^3*  ^^^2*  *  "^2^3*  ^^^2  ZnO  •  SiO^ 

nucleated  with  TiO^  require  further  investigation. 

A  particxilarly  useful  publication  for  selecting  composi¬ 
tions  to  study  is  the  book.  Phase  Diagrams  for  Ceramists  (Ref.  26). 
Eucryptite  (Li,0  •  -Al.O  •  ZSiO-)  and  spodumene  (Li.O  •  -^12^3’ 
are  two  basic  crystalline  compounds  found  in  the  presently  available 
materials.  The  Pennsylvania  State  University  (Ref.  153  -  159)  and 
^others  (Ref.  160,  161,  202  -  206)  have  investigated  these  two  systems 
thorouglily.  Roy  and  White  (Ref.  153)  stated  the  following  concerning 
these  minerals: 

"Glasses  with  the  compositions  of  eucryptite  and  spodu¬ 
mene  can  be  crystallized  under  moderate  pressures  at 
700°  C.  The  importzince  of  initial  nucleation  in  control¬ 
ling  the  final  crystalline  phase  is  strongly  shown  in  this 
study  (Ref.  162).  The  initial  phase  nucleated  is  con¬ 
trolled  by  the  pressure  during  the  up-heat  period. 
Depending  on  the  up-heat  pressure,  either  the  low  or 
high  temperature  eucryptites  can  be  precipitated.  If 
there  is  no  pressure  applied  to  the  sample,  only  the  high 
temperature  B -eucryptite  is  obtained.  The  rate  at  which 
its  crystallization  takes  place  is  a  fiuiction  of  the  load 
pressure  applied  after  the  up-heat  is  complete.  If  a 
pressure  is  applied  during  up-heat,  the  low  temperature 

a  -eucryptite  nucleates  in  competition  with  the  p  form, 
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The  proi>ortions  of  a  and  ^  as  a  function  of  up -he  at 
pressure  are  shown  in  Figure  12.  Spodumene  behaves 
in  an  exactly  anadogous  fashion.  High  temperature  B- 
spodumene  can  be  crystallized  from  the  glass  at  750^  C 
at  20  k-bars  if  no  pressure  is  applied  during  the  initial 
heating.  If  the  specimen  is  heated  wider  pressure,  the 
low  temperature  a  -spodumene  is  obtained.  We  note  in 
passing  that  this  is  the  first  reproducible  synthesis  of'  a  - 
spodumene,  a  common  mineral  in  nature,  and  the  first 
synthesis  of  a-eucryptite  without  the  use  of  a  mineralizer. 
Thus  it  is  found  that  pressures  on  the  order  of  a  few  tens 
of  kilobars  cause  a  very  marked  increase  in  the  rate  of 
crystallization  of  these  simple  glasses.  " 


NUCLCATION  PRESSURE 
(K  S«RS) 

Figure  12  Nucleation  and  Re  crystallization  of  Eucryptite  From 

Glass.  Correlation  of  Amount  of  a  and  §  forms  With 
Nucleation  (Up-heat)  Pressure.  Crystallization  Time, 
Tenwerature  and  Pressure  Held  Constant  at  5  Min, 
650^ C  and  20  k  Bars.  Roy  and  White  (Ref.  35}. 
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A  recent  review  on  lithium -aluminum  silicates  by  Mehmel 
(Ref.  163)  states  that  a  comprehensive  survey  of  the  literature  and 
patent  specifications  on  materials  have  been  prepared  by  the  Hans- 
Heinrich-Hutte  Company,  Frankfurt,  Germany  (Ref.  164). 
d.  Chemical  resistance 

Locsei  (Ref.  165)  stated  that  the  crystal  size  has  consider¬ 
able  influence  on  chemical  and  abrasion  resistance,  thus  proving  the 
highly  important  role  of  nucleators  in  providing  a  high  nucleation  rate 
and  a  low  crystal  growth  rate.  The  devitrified  ceramic  system 
Na20-Ca0-Mg0-Al20j-Si02  nucleated  by  metal  sulfides  was  studied. 
The  acid  resistance  of  this  material  gradually  increased  as  the  vitre¬ 
ous  phase  changed  into  the  thermodynamically  more  stable  crystalline 
phase.  The  chemical  resistance  was  also  stated  to  be  a  function  of 
the  amount  of  vitreous  phase,  and  like  mechanical  strength  it  is  also 
disadvantageous  to  corrosion  resistance. 

The  chemical  composition  of  one  type  of  "Minelbite" 
material  (56.1  SiO^.  7.  9  Al^O^,  El.  9  CaO,  2.6  MgO,  1.5  BaO,  2.0 

MnO,  5,0  Na^O,  1.0  k^O  1,5  Fe^O^  and  0.5  TiO^)  was  preliminarily 
o 

heat  treated  to  800  C  for  one  hour  and  then  heated  through  the  follow- 

o  o 

ing  cycle:  one  hour  at  800  C,  two  hours  at  820  C,  two  hours  at 
840  C  and  finally  two  hours  at  860  C.  This  composition  produced 
the  mineral  minelbite  as  the  primary  crystalline  phase.  Table  III 
shows  the  results  of  the  chemical  resistance  test.  These  materials 
were  boiled  in  the  various  acids,  and  showed  outstanding  chemical 
resistance. 

C.  Applied  Programs 

1.  Magnesia  -  Alumina  -  Silica  Compositions  Nucleated  by 
Titania 

A  devitrified  ceramic  under  the  trademark  Pyroceram  9606 
has  been  produced  commercially  by  Corning  Glass  Works.  This  parti¬ 
cular  devitrified  ceramic  is  the  one  on  which  a  great  deal  of  applied 
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study  has  been  performed.  It  is  a  white,  opaque  material  after  crys¬ 
tallizing  to  a-Cordierite.  This  material  has  excellent  thermal  shock 
capabilities  and  was  originally  developed  to  provide  uniform  electrical 
properties  at  microwave  frequencies  (500  to  30,  000  MC)  throughout 
the  elevated  temperature  range  of  radome  application.  Handbook 
properties  of  the  9606  material  have  been  individually  compiled  (Ref. 
166)  and  are  compared  with  9608  material  in  Appendix  III.  Some  of 
the  properties  are  compared  with  other  competitive  materials  in 
Table  IV  and  Figure  13.  This  material  can  sustain  approximately 
twice  the  temperature  gradient  tolerated  by  high  purity  alumina  bodies 
(Ref.  171). 

a.  Radome  s  and  windows 

Walton  and  Bowen's  (Ref.  172)  evaluation  of  three 
ceramict*  materials  including  Pyroceram  9606  brand  devitrified 
ceranuc  showed  some  interesting  results  for  radome  applications. 
From  mechanical  property  data  supplied  by  Melpar  the  maximum 
temperature,  AT,  was  calculated  and  plotted  as  a  function  of  ah  as 
shown  in  Figure  14.  This  figure  does  not  necessarily  indicate  actual 
temperature  ranges  over  which  each  material  can  successfully  with¬ 
stand  thermal  shock,  since  the  graphs  were  calculated  from  question¬ 
able  data.  This  study  showed  that  thermal  shocking  in  the  exhaust  of 
an  oxygen-hydrogen  rocket  motor  at  distances  of  6  to  18  inches  from 

the  exit  plane  never  produced  a  thermal  shock  failure  in  slip-cast 

o 

fused  silica,  even  when  the  surface  was  heated  above  3000  F  and 
quenched  by  a  stream  of  water  as  soon  as  the  rocket  motor  was 
stopped.  Aluminum  oxide  failed  after  140  seconds  at  18  inches  and 

*Slip-cast  fused  silica  samples  were  prepared  from  slip  obtained 
from  the  Glasrock  Corp. ,  Atlanta,  Georgia.  Pyroceram  9606  sam¬ 
ples  were  obtained  from  the  Bureau  of  Naval  Weapons,  Dept  of  the 
Navy,  Washington,  D.  C.  Al^^ 

Company,  hiissile  Systems  Division,  Bedford,  Massachusetts. 
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M««c1m4  Bir^agilk  (Itof.  9>. 


FIG.  13  MODULUS  OF  RUPTURE 
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300  600  900  1200  1600  1800  2100  2400 

TEMPERATURE  DEGREES  F 
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Figure  14  Maximum  Temperature  From  Which  A1  O  ,  Pyroceram, 
and  Slip-cast  Fused  Silica  May  Be  Quenched  as  a  Function 
of  ah.  Walton  and  Bowen  (Ref.  172). 
a  -  half  the  thickness 
h  ■  heat  transfer  coefficient 
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45  seconds  at  14  inches,  whereas  Pyroceram  9606  did  not  fail  at 
distances  greater  than  12  inches. 

Figure  15  shows  the  effect  of  temperature  on  transverse 
strength.  It  is  of  interest  to  note  that  the  slip-cast  fused  SiO^  in¬ 
creases  in  strength  to  1800°  F,  while  AI2O2  and  Pyroceram  9606 
decrease  in  strength  after  reaching  1000°  F.  It  is  also  noteworthy 
that  devitrified  ceramic  materials  must  be  kept  relatively  thin 

1/2  inch)  in  order  that  uniform  properties  across  the  thickness  to 
be  maintained. 

Figures  16  and  17  show  the  results  for  sample  (7"  x  2"  x 
1/2")  which  were  placed  14  inches  from  the  exhaust  of  an  oxygen- 
hydrogen  rocket  motor  exhaust  and  inclined  at  an  angle  of  45  degrees. 
The  heat  flux  as  measured  by  a  water-cooled  copper  calorimeter  was 

,  2 

140  Btu/ft  sec.,  corresponding  to  the  heat  fl\ix  anticipated  by  a  Mach 
4  to  5  cruise  vehicle  or  a  boost  glide  vehicle. 

The  results  of  this  study  brought  out  that  (1)  the  relative 
thermal  shock  resistance  of  Pyroceram  and  Al^O^  depends  on  the 
severity  of  thermal  shock  environment  as  well  as  the  physical  proper¬ 
ties  of  each  material;  (2)  Al^O^  could  be  superior  to  Pyroceram  under 
mild  conditions,  but  not  under  severe  thermal  shock  conditions;  and 
(3)  that  these  materials  obtained  thermal  shock  resistance  from  their 
mechanical  strength,  whereas  slip-cast  fused  silica  was  more  depend¬ 
ent  upon  low  coefficient  of  thermal  expansion. 

Several  good  reports  on  the  use  of  Pyroceram  materials 
in  radome  design  have  been  published.  These  reports,  however,  are 
of  a  classified  nature  and  therefore  cannot  be  referenced  or  discussed 
here.  A  few  comments  are  made  concerning  their  radome  application 
at  elevated  temperatures  and  data  sources  of  information  where 
further  details  may  be  obtained  is  provided. 

Table  V  lists  the  Pyroceram  radomes  currently  being 
used  in  missile  programs  (Ref.  173).  Melpar  has  conducted  a  program 
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•  2  4  «  •  1#  12  14  M  II  M  22  24  24 

TB4KIIATWC,  f  X  11** 

Figure  15  E^ect  of  Temperature  on  Transverse  Strength  of  Al^O^, 
Pyroceram,  and  Slip-cast  Fused  Silica. 

Walton  and  Bowen  (Ref.  172). 
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BACKSIOC  temperature,  •F 


Figure  16  Frontside -backside  Temperature  of  Al^O^,  Pyroceram, 
and  Slip-cast  Fused  Silica  as  a  Function  of  Time  in 
Oxygen -hydrogen  Rocket  Motor  Exhaust.  Samples 
l/4-Inch  Thick.  Walton  and  Bowen  (Ref.  172). 
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Figure  17  AT  Between  Frontside  and  Backside  of  A1,0  ,  Pyroceram, 
and  Slip-cast  Fused  Silica  as  a  Function  oi  Average  Wall 
Temperature  in  Oxygen-hy<^ogen  Rocket  Motor  Exhaust. 
Walton  and  Bowen  (Ref.  172). 
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TABLE  V 


Pyroceram  Radomes  Used  in  Current  Missile  Program 

(Ref.  173) 


Dome 

Configuration 

Dome  Dimensions 
Length  Base  Diameter 
(inches)  (inches) 

Missile 

Service 

Contractor 

Hemisphere 

6 

Gar  XI 

Air 

Force 

Hughes 

Ogive  (mod) 

42 

14 

Phoenix 

(TFX 

missile) 

Navy 

Hughes 

Ogive 

16 

8 

Shrike 

Navy 

»:‘NOTS 

Ogive 

37 

12 

Tartar 

Navy 

General 

Dynamics 

Ogive 

37 

12 

Terrier 

Navy 

General 

Dynamics 

Ogiv<>  (?) 

Typhon 

Navy 

Johns 

Hopkins 

A.P.L. 

Von  Karmen 

36 

14 

Gar  IX 

Air 

Force 

Hughes 

Ogive 

37  14 

(Approximate) 

Genie 

(thin- 

walled) 

Air 

Force 

Douglas 

Aircraft 

Santa 

Monica, 

Calif 

Hemisphere 

6 

Sera 

(elec. 

head 

other¬ 

wise 

same  as 

Side¬ 

winder) 

Navy 

♦NOTS 

>>^NOTS  -  Naval  Ordnance  Test  Station,  China  Lake,  California. 
NOTE:  The  manufacturer  in  all  cases  was  Corning  Glass  Works. 
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for  the  Hughes  Aircraft  Company  to  Evaluate  the  properties  of 
Pyroceraon.  This  program  considered  the  mechanical  and  thermal 
properties  of  Pyroceram,  in  addition  to  its  dielectric  properties,  as 
a  function  of  temperature.  A  program  concerning  ceramic  materials 
for  radome  application  is  currently  in  progress,  which  will  supply 
detailed  data  comparisons  of  devitrified  ceramics  with  other 
materials  (Ref.  173). 

General  Dynamics  uses  Pyroceram  radomes  for  the 
Tarter,  Terrier  axid  Mauler  missiles.  The  radome  is  machined  from 
a  blank -to  final  size.  The  method  of  attachment  is  such  that  the  out¬ 
side  diameter  of  the  base  of  the  radome  is  necked  down,  then  an  alum¬ 
inum  ring  with  a  shoulder  matching  the  inside  diameter  and  face 
matching  the  outside  diameter  is  inserted  in  the  base.  This  joint  is 
then  fitted  with  a  fiberglass  ring  and  is  then  cured  to  provide  an  attach¬ 
ment  ring  (Ref.  173). 

Two  in-flight  failures  of  Generatl  Dynamics  Pyroceram 
radomes  were  found  to  be  related  to  a  particular  lot  which  had  not 
been  satisfactorily  tested  for  thermal  shock  resistance.  Ever  since 
a  program  has  been  instituted  to  test  each  radome  for  in-flight  condi¬ 
tion  no  failures  have  occurred. 

Mr.  A.  It.  Robertson  of  Johns  Hopkins  University  reports 

that  the  Tarter  and  Terrier  missiles  are  using  Pyroceram  nose 

cones.  To  date  no  failures  have  occurred  in  the  nose  cone  itself,  but 

o 

these  are  subjected  to  temperatures  of  only  1000  F. 

A  feasibility  study  on  alumina  and  Pyroceram  for  use  in 
electromagnetic  windows  and  ogival  radomes  on  hypersonic  vehicles 
was  performed  by  Magnus  and  Eisen  (Ref.  174).  In  both  cases 
studies  were  made  for  an  Intercontinental  Ballastic  Missile  (ICBM) 
type  trajs^tory.  The  exact  trajectory  data  was  not  presented  due  to 
its  classified  nature. 

The  window  analysis  showed  that  neither  of  these  mater¬ 
ials  could  withstand  the  heating  loads  encountered  at  the  stagnation 
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point.  For  this  reason  Pyroceram  was  investigated  only  for  the  case 
of  l/60  the  stagnation  heat  flux.  Digital' programs  considered  varia¬ 
tions  of  window  geometry,  boundary  conditions  and  flight  conditions. 
Since  the  important  type  of  loading  on  electromagnetic  windows  is 
thermal*  it  was  necessary  that  investigations  of  thermal  stresses  be 
based  upon  temperature.  Resvdts  of  the  test  showed  that  the  hot  wall 
temperature  of  Pyroceram  was  higher  than  the  wall  temperature  of 
alumina  due  to  the  higher  heat  capacity  of  alumina.  The  temperature 
change  through  the  0. 2  inch  windows  was  larger  for  Pyroceram  than 
alununa  due  to  the  lower  conductivity  of  Pyroceram.  This  agrees  with 
previous  results  as  shown  in  Figure  17.  These  particular  tests 
showed  alumina  to  be  superior  to  the  Pyroceram,  with  the  Pyroceram 
reaching  a  much  higher  temperature  (620°  C  versus  350°  C)  and  having 
a  greater  temperature  gradient  than  the  A1  O  . 

Windows  of  alumina  or  Pyroceram  would  therefore  in  this 
case  be  feasible  only  if  the  heat  flux  across  the  material  were  reduced 
considerably.  This  study  suggested  locating  the  window  on  the  cylin¬ 
drical  portion  of  a  hemisphere,  cone,  cylinder,  or  having  upstream 
cooling  by  mais  injection  of  nitrogen  or  helium. 

Since  trajectory  used  for  the  ogival  radome  study  was  also 
classified,  it  was  reported  \mder  a  separate  report.  The  unclassified 
investigation  showed  the  influence  of  geometry  on  the  stresses  for  the 
Pyroceram  material.  Two  values  of  fineness  ratio  (the  ratio  of 
height  to  base  diameter)  were  used.  A  fineness  ratio  of  three  showed 
the  maximum  stress  to  be  approximately  4000  psi  in  tension,  and  the 
stress  decreased  to  1000  psi  within  the  first  26  percent  of  the  length. 
The  maximum  tensile  stress  for  the  0.  866  fineness  ratio  was  smaller. 
The  important  point  is  that  the  stress  decreased  slowly  with  distance 
along  the  length  of  the  radome,  being  approximately  1000  psi  at  about 
50  percent  of  the  length. 

In  general  the  radome  study  by  Magnus  and  Eisen  (Ref. 

174)  showed  that  the  stress  levels  in  both  materials  could  be  held 
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within  the  strersgth  limitations  of  the  materials;  the  maximum  stagna¬ 
tion  wall  temperature  of  the  mission  is  low  (504^  C);  therefore, 
either  of  these  materials  could  satisfactorily  meet  the  requirements. 
The  type  of  mission  studied  was  best  adapted  to  Pyroceram  since 
alumina  would  have  a  higher  manufacturing  cost, 
b.  Electron  tubes 

Fink  (Ref.  175)  investigated  the  use  of  Pyroceram  devitri- 
fied  ceramics  as  a  \miversal,  high-temperature  (500^  C)  tube  envelope 
material  and  evaluated  metal-to-devitrifiLed  ceramic  seals  in  brazed 
structures.  The  sealing  material  was  also  a  de vitrified  ceramic 
material,  speciiS.cally  known  as  Pyroceram  Cement  Code  No.  45.  A 
chart  ahowing  the  matching  of  coefficients  of  expansion  between 
Pyroceram  9606  and  various  metals  is  provided  for  use  in  designing 
tubes  (Figure  18).  .-The  study  showed  some  interesting  effects  on  these 
materials  as  listed  below: 

(1)  The  permeability  of  Pyroceram  9606  to  some  gases 
at  elevated  temperatures  was  found  to  be  superior  to  that  of  most 
other  glasses  and  about  equal  to  97  percent  alvunina.  Table  VI  and 
Figure  19  provide  specific  values  of  the  permeability  factor  determined 
by  Miller  (Ref.  176).  The  permeability  factor  designated  as  K  is 
defined  as  the  volume  of  gas  in  cubic  centimeters  at  standard  tempera¬ 
ture  and  pressure  that  will  flow  through  a  wall  one  square  centimeter 
in  area  and  one  millimeter  thick  in  one  second  under  a  pressure  dif¬ 
ference  of  one  centimeter  of  mercury.  The  permeability  factor  was 
calculated  using  the  formula  K  -  3.66x10  q'd/Ap  microns  per 

hour  where  q  -  gas  flow  in  cubic  centimeter  atmospheres/second 
d  «  wall  thickness  in  millimeters 

A  >  wall  area  in  square  centimeters 
p  «  pressure  difference  in  centimeters  of  mercury 

when  q  is  determined  in  liter-microns  per  hour 

(q'). 
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TABLE  VI 


Permeability  Factor  K  For  Various 
Gases  Through  Corning  No.  9606  Pyroceram 
(Ref.  176) 


Gsts 

K® 

Temp.  ®C 

Helium 

5.4x  10‘^° 

617 

tt 

3.  3  X  10"^° 

508 

(1 

1.6  X  10“^° 

410 

tt 

.62  X  10"^° 

305 

Argon 

26  X  lO"^^ 

945 

tt 

7.2  X  10’^^ 

877 

It 

3.5  X  lO"^** 

725 

It 

1.7  x-lO"^** 

585 

tf 

.89  X  lO"^^ 

480 

It 

.21  X  10*^“* 

340 

Air 

100  X  10"^^ 

920 

tt 

14  X  lO”^® 

805 

It 

8.3  X  10‘^^ 

785 

tt 

9.1  X  lO"^® 

772 

tt 

3.2  X  10"^^ 

636 

It 

3.2  X  lO"^® 

615 

II 

2.2  X  10"^® 

500 

It 

1.5  X  lO"^^ 

475 

It 

.44  X  10"^® 

320 

60 


•0  ^  o  ^  M  ^ 

I  I  p-4  ^  ^  ^  piK 

)i  uoiovd  AiinavaiMVBd  *ooi 
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(2)  Two  assemblies  exposed  for  282.5  hours  for  a  total 

18 

radiation  dosage  of  7  x  10  neutrons  per  square  centimeter  showed 
no  sign  of  leaks . 

(3)  Fourteen  assemblies  when  tested  from  +  23°  to  -76°  C 
and  from  0°  to  100°  C  showed  no  thermal  shock  failures. 

(4)  Thirteen  assemblies  were  heated  from  23°  to  750°  C 
and  cooled  back  to  room  temperature  without  failure. 

(5)  No  failures  occurred  to  five  assemblies  held  at  400°  C 
for  approximately  2000  hours.  At  500°  C  for  1500  hours  two  failures 
occurred,  but  not  due  to  the  devitrified  ceramic  material. 

(6)  Pyroceram  reacted  with  hydrogen  at  temperatures 
above  600°  C,  resulting  in  discoloring  to  a  dark  gray  and  lowering  the 
resistivity.  This  necessitated  sealing  in  an  inert  atmosphere.  Recent¬ 
ly  developed  new  forms  of  Pyroceram  are  hydrogen  inert. 

(7)  The  Pyroceram  solder  material  was  subject  to  attack 
by  heated  organic  acids. 

(8)  At  elevated  temperatures  the  gas  released  from 
Pyroceram  was  negligible. 

In  conclusion,  the  Pyroceram  envelope  tube  seemed  satis¬ 
factory  and  operating  tubes  could  be  made.  The  brazed  stacked 
envelope  had  minor  failure  problems,  but  with  further  study  and  devel¬ 
opment  these  could  be  resolved.  It  was  recommended  that  Pyroceram 
be  investigated  and  fully  evaluated  as  a  substitute  material  in  stacked 
type  tubes,  a  major  advantage  being  the  potentially  low  cost  when  con¬ 
sidering  mass  production. 

A  recent  article  by  McMillan  and  B.  P.  Hodgson  (Ref. 

177)  explains  the  use  of  thes  e  new  devitrified  ceramics  for  electrical 
insulator  seals.  They  show  how  a  special  glass  that  is  directly  molded 
to  the  metal,  and  then  heat  treated  to  convert  it  into  a  devitrified 
ceramic  can  be  used  with  copper  and  mild  steel  materials.  After  pre- 
treatment  of  the  base  metal  and  forming  the  seals  by  press  molding, 
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the  devitrified  ceramic  is  then  produced  by  the  usual  heat  treatment 
process. 

c.  Substrates  for  thin  films 

A  continuing  program  performed  under  the  direction  of 
Professors  E.  Banks  and  H.  W.  Schleuning  (Ref.  178)  has  included  an 
investigation  of  various  ferrimagnetic  oxides  for  thin  films  on  unpol¬ 
ished,  polished,  and  glazed  Pyroceram  substrates.  Some  of  the  films 
studied  include  nickel  ferrite  (NiFe2),  iron-vanadium  oxide  (FeVO^), 
yttrium  iron  garnet  and  iron-copper  (CuFe^O^).  The  data,  as  reported 
in  the  various  progress  reports  is  sometimes  inconclusive,  and  no 
final  report  has  been  announced  as  of  March  1963. 

2.  Lithia  -  Alumina  -  Silica  Compositions  Nucleated  by  Titania 
The  material  of  interest  and  discussed  in  the  literature  for 
this  system  is  Coming's  Pyroceram  9608.  This  particular  devitrified 
ceranaic  is  commercially  available  and  is  therefore  of  considerable 
interest.  It  is  a  white,  opaque  material  crystallizing  to  j3-spodumene, 
P-eucryptite,  or  solid  solutions  containing  one  or  both,  for  low- 
expansion  devitrified  ceramics.  (See  Table  IV  for  comparison  of  pro¬ 
perties.  )  Appendix  III  provides  comparative  properties  for  this 
material  (Ref.  166).  To  date  this  material  has  been  used  for  general 
purpose  items  such  as  dinnerware,  tubing  and  pipe,  and  bearings  for 
high  temperature  service. 

a.  Friction  and  wear  studies 

Since  problems  with  mechanical  strength,  dimensional 
stability  and  corrosion  resistance  prohibit  the  use  of  metallic  bearings 
at  temperatures  much  above  1000*^  F  a  study  was  made  by  Carter  and 
Zaretsky  (Ref.  179)  on  Pyroceram  9608  with  respect  to  rolling -contact 
fatigue  life. 

In  this  study  groups  of  1/2  inch  bearing  balls  of  Pyroceram 
9608  were  tested  in  a  five-ball  fatigue  tester  set  up  by  Lewis  Research 
Center.  The  test  apparatus  was  essentially  a  modified  bench-type  drill 


63 


press  consisting  of  a  test  section,  special  drive  spindle,  lever  loading 
system,  and  lower  support  housing  for  a  heater  to  accomplish  high 
temperature  testing.  The  test  section,  shown  in  Figure  20,  consists 
of  a  driven  test  ball  pyramided  upon  four  lower  balls  positioned  by  a 
separator,  and  is  free  to  rotate.  The  rotative  speed  was  2430  revolu¬ 
tions  per  minute;  the  loading,  cohtact  angle,  temperature  and  lubri¬ 
cant  varied.  The  maximum  loading  stresses  (theoretical  compressive 

stress)  were  in  the  range  of  265, 000  to  330, 000  psi  and  the  test  temp- 

o 

erature  was  less  than  700  F,  which  is  below  the  range  where 
devitrified  cerannics  would  be  considered  as  a  replacement  for  steel. 

A  group  of  AlSlM-1  steel  balls  was  also  tested  for  comparison.  In 
general,  these  tests  showed  that  devitrified  cerannics  may  be  useful 
in  low-load,  short  duration  (times  up  to  two  hours  were  used)  applica¬ 
tions  where  an  opeirating  temperature  above  the  linnits  of  steels  is 
the  primary  design  consideration.  Briefly  the  tests  showed  the 
following  general  results. 

(1)  The  devitrihed  ceramic  balls  failed  sinnilarly  to  the 
steel  specimens. 

(2)  The  room-temperature  load  carrying  capacity  of  the 
devitrified  cerannic  was  approximately  one-fifteenth  that  of  the  steel 
balls. 

(3)  The  rolling-contact  fatigue  life  of  the  devitrified 
ceramiic  showed  greater  sensitivity  to  load  than  that  of  steels. 

(4)  The  rate  of  failure  spall  development  for  Pyroceram 
was  much  slower  than  that  for  steel  balls. 

(5)  Finishing  methods  had  an  important  effect  on  fatigue 
life  of  the  devitrified  ceramic. 

o 

(6)  The  fatigue  life  of  the  devitrified  ceramic  at  700  F 
was  approximately  one-third  that  observed  at  room  temperature. 

This  may  have  been  the  result  of  the  type  of  lubricant  used  and  not 
the  material  itself. 


64 


Figure  20  Five-ball  Fatigue  Tester.  Carter  and  Zoretsky  (Ref.  179). 


(7)  Different  lubricants  affected  the  fatigue  life.  For 
example,  a  longer  life  resulted  with  a  paraffinic  mineral  oil  yielding 
better  life  than  a  sebacate  diester. 

The  problem  of  adequate  lubricants  for  temperatures  in  the 
range  where  the  properties  of  devitrified  ceramics  are  advantageous 
was  investigated  by  Buckley  and  Johnson  (Ref.  180).  The  object  of 
this  study  was  to  investigate  the  lubricating  properties  of  gases  such 
as  dibromotetrafluoroethane  (CF^Br-CF^Br)  and  dichlorotetrafluoro- 
ethane  (CF^Cl-CF^Cl)  with  Pyroceram  9608  sliding  on  various  nickel- 
and  cobalt-base  alloys  at  temperatures  from  75®  to  1500®  F. 

These  tests  were  made  with  a  stationary  hemispherical 
rider  (3/ 16  inch  radius,  Pyroceram  9608)  sliding  on  the  flat  surface  of 
a  rotating  disk  (2  1/2  inches  diameter,  nickel-  or  cobalt-base  alloy). 
The  load  employed  was  1200  grams  and  sliding  velocities  were  from 
75  to  8000  feet  per  minute.  The  results  of  the  tests  are  shown  in 
Figures  21  through  28.  In  conclusion  the  gas  CF^Br-CF^Br  was  found 
to  be  an  effective  lubricant  for  Pyroceram  9608  sliding  on  Hastelloy 
R-235  and  Inconel  X  up  to  1400®  F.  The  other  gas  CF2CI-CF2CI  pro¬ 
vided  effective  lubrication  for  Pyroceram  9608  sliding  on  various 
cobalt-base  alloys  at  1000®  F. 

To  improve  techniques  for  studying  fatigue  damage  of 
devitrified  ceramics  (satisfactory  for  other  materials)  Harrell  and 
Zaretsky  (Ref.  181)  investigated  polishing,  etching,  replication,  and 
especially  area  locating  methods  used  to  study  Pyroceram  by  optical 
and  electron  microscopy.  Since  the  method  of  locating,  orienting, 
and  identifying  specific  areas  of  a  specimen  requires  explicit  details 
as  noted  in  the  original  report,  such  items  are  not  discussed  in  this 
report. 

A  good  method  for  polishing  involved  use  of  a  vibratory 
polishing  technique  with  chrome  oxide  as  the  abrasive  and  either  water 
or  kerosene  as  the  lubricant. 
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Figure  21  Friction  and  Wear  of  Pyroceram  9608  Sliding  on 
Various  Cobalt -base  Alloys  at  1000  F.  Sliding 
Velocity,  3200  Feet  per  Minute;  Load,  1200  Grams; 
Duration,  1  hour.  Buckley  and  Johnson  (Ref.  180). 
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Figure  22  Friction  and  Wear  of  Pyroceram  9608  Sliding  on  Stellite 
Star  J  at  Various  Temperatures.  Atmosphere, 
CF2CI-CF2CI;  Sliding  Velocity,  3200  Feet  per  Minute; 
Lioad,  1200  Grams;  Duration,  1  Hour.  Buckley  and 
Johnson  (Ref.  180). 
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Figure  23  Friction  and  Wear  of  Pyroceram  9608  Sliding  on 
Various  Nickel-base  Alloys  at  1000°  F.  Sliding 
Velocity,  3200  Feet  per  Minute;  Load,  1200  Grams; 
Duration,  1  Hour.  Buckley  and  Johnson  (Ref.  180). 
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Figure  24  Friction  and  Wear  of  Pyrocer^m  9608  Sliding  on 

Hastelloy  R-235  at  Various  Temperatures.  Atmosphere, 
CF2Br-CF2Br;  Sliding  Velocity,  3200  Feet  per  Iv^inute; 
Load,  1200  Grams;  Duration,  1  Hour.  Buckley  and 
Johnson  (Ref.  180). 
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Figure  25  Wear  of  Pyroceram  9608  Rider  Sliding  on  Hastelloy  R-235  Disk  at  Various 
Temperatures  and  Sliding  Velocities,  Atmosphere,  CF  Br-CF^Br;  Load, 
Grams;  Duration,  1  Hour.  Buckley  and  Johnson  (Ref.  leO). 
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Figure  26  Friction  Coefficient  of  Pyroccram  9608  Rider  Sliding  on  Hastelloy  R-235  Disk  at 
Various  Temperatures  and  Sliding  Velocities.  Atmosphere,  CF^Br-CF^Br;  Loa 
1200  Grams:  Duration,  1  Hour.  Buckley  and  Johnson  (Ref.  180). 
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Friction  and  Wear  of  Pyroceram  9608  Sliding  on  Hastelloy  R.235  at  Various 
Temperatures  in  Air.  Sliding  Velocity,  3200  Feet  per  Minute;  Load,  1200  G 
Duration,  1  Hour.  Buckley  and  Johnson  (Ref.  180). 
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A  satisfactory  etching  process  consisted  of  a  primary 
etch  of  5  milliliters  of  hydrochloric  acid  (concentrated),  5  milliliters 
of  hydrogen  fluoride  (45  percent),  and  45  milliliters  of  water,  and  a 
secondary  etch  with  methyl  alcohol  replacing  the  water.  Etching  times 
from  25  to  30  seconds  provided  the  best  results. 

Table  VII  provides  the  results  of  replication  methods  on 
Pyroceram.  The  releasing  agent  used  on  Faxfilm  replicas  was  dehy¬ 
drated  Victowet.  Plastic  replicas  ripped  when  being  removed;  pre- 
shadowed  carbon  or  silicon  monoxide  replicas  required  etching. 

b.  Lightweight  optical  elements  (Sandwich  construction) 

A  study  was  made  by  Noble  et  al.  (Ref.  182)  on  Pyroceram 
9608  sandwich  construction  material  for  obtaining  optimum  weight  reduc¬ 
tion  of  reflecting  optical  elements.  Some  of  the  competitive  materials 
included  fused  silica,  beryllium,  titanium  and  Super  Invar.  Table  VIII 
shows  the  merits  of  several  materials  with  respect  to  different  para¬ 
meters.  The  Pyroceram  has  strength  greater  than  that  of  fused  silica 
but  its  greater  density  at  room  temperature  impairs  weight  reduction. 
Corning  has  shown  that  sandwich  or  even  honeycomb -like  structures 
can  be  made  of  devitrified  ceramics.  Pyroceram  need  not  be  as  thick 
as  glass  or  quartz  to  survive  severe  vibration.  One  solid  Pyroceram 
mirror  survived  vibration  and  shock  loads  up  to  100  G.  Silicon  mon¬ 
oxide  coatings  have  been  used  to  increase  the  smoothness  of  the  surface. 
For  special  orders,  such  as  mirror  blanks,  requiring  less  than  3000 
pounds  of  material,  Schott  in  Mainz,  Germany  would  probably  be  the 
source. 

Charles  Eumarian  (Ref.  183)  prepared  a  graph  (Figure  19) 
showing  a  comparison  of  coefficient  of  expansion  for  low  expansion 
materials  including  Pyroceram  9608.  This  graph  is  intended  as  an  aid 
in  designing  precision  optical  instruments  where  consideration  of  expan¬ 
sion  between  glass  elements  and  their  housings  is  of  prime  importance. 
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TABLE  VII 


Res\ilts  of  Replication  Methods  on  Pyroceram 
(Ref.  181) 


Replication 

Advantages 

Difficulties  or 
Disadvantages 

(1)  Silicon  monoxide 
with  releasing 
agent  and  pre- 
shadowing’it 

(a)  Thickness  of 
replica  easy 
to  control 

(b)  Positive 
replica 

Time  -  consuming 

(2)  Faxfilm’*' 

Can  be  used  for 
locating  given 
spot  on  sample 

(a)  Demands  two  step 
process 

(b)  Cannot  be  preshadowed 

(3)  Carbon  with 

(a)  Positive 

(a)  Poor  replication  in 

releasing  agent 

replica 

poorly  controlled 

and  preshadow- 

(b)  Holds  up 

vacuum 

well 

(b)  Time-consuming 

(4)  Silicon  mono- 

High  resolution 

Requires  “etching  through" 

oxide* 

obtainable 

for  release,  which  damages 
sample  and  replica 

(5)  Carbon 

High  resolution 

Requires  **etching  through** 
for  release,  which  damages 
sample  and  replica 

(6)  Parlodion 

(a)  Solvent  attacks  mount 

(b)  Sticks  too  tenaciously, 
tends  to  tear 

(7)  Formvar 

(a)  Solvent  attacks  mount 

(b)  Sticks  too  tenaciously, 
tends  to  distort 

(8)  polyvinyl 

(a)  Must  be  removed  at 
proper  time  or  c«mnot 
be  removed  at  all 

(b)  Tends  to  produce  exces¬ 
sive  artifacts 

’1'  Suitable  for  Pyroceram 


76 


TABLE  Vin 


Relative  Physical  and  Thermal  Merit  Ratios 
Noble  et  al.  (Ref.  182) 


Material 

(E/p)' 

(K/Ca)' 

Fused  Quartz 

1.00 

1.00 

Beryllium 

4.84 

1.86 

Slip-cast  Silica 

1.  15 

.21 

Pyroceram-9608 

1. 10 

1.95 

Vycor-7900 

.97 

.45 

Pyrex-7740 

.91 

.11 

Magnesium 

.81 

1.83 

Alxxminum 

.80 

3.14 

Titanium 

.80 

1.22 

Invar 

.58 

5.95 

Foamglass 

.26 

.003 

E  »  modulus  of  elasticity,  psi 

p  »»  density,  Ib/cu  in. 

K  -  thermal  conductivity,  Btu/  ft/  hr,  F 

C  specific  heat,  Btu/ lb,  F  ^ 

a  coefficient  of  expansion,  F  (10  ) 


77 


lo”*  iny«/^ 


Figure  29  Comparison  of  Coefficient  of  E3q>ansion  for  Low 
Expansion  Materials  (Ref.  183). 


3.  Devitrified  Ceramic  Coatings 

The  open  literature  is  pyimarily  coxicerned  with  a  ceramic- 
metid  composite  trademarked  Nucerite  (Ref.  184  -  190).  This  devit¬ 
rified  ceramic  coating  is  like  Pyroceram  in  the  fundamental  processing 
techniques  and  also  represents  a  family  of  compositions;  therefore, 
properties  range  tremendously.  Table  IX  represents  the  nonconfiden- 
tial  composition  ranges  and  Table  X  shows  seme  of  the  crystals  which 
have  been  identified  in  these  devitrified  ceramic  coatings  after  heat 
treatment.  Hall  and  Sanford  (Ref.  184)  report  development  considera¬ 
tions  and  possible  means  for  improvement  of  these  coatings. 

The  properties  representing  many  compositions  of  devitrified 
glass  coatings  as  given  by  Hall  and  Sanford  are  included  in  Table  XI. 
This  table  is  provided  to  illustrate  the  improved  properties  over  the 
standard  glass  coatings  and  not  the  lixmtations  for  the  family  of  devit- 
rii^ed  ceramic  coatings. 

A  preprint  copy  of  a  paper  written  by  McWilliams  and  Payne 
(Ref.  185)  suznmarizes  the  substrate  materials,  problems  and  pro¬ 
cessing  of  these  coatings,  and  was  the  basis  for  the  following 
discussion. 

The  more  commonly  used  base  metals  are  low  carbon  steels, 
the  300  and  400  series  stainless  steels,  Hastelloy  and  Inconel.  In 
general,  these  alloys  are  advantageous  in  achieving  the  optimum  pro¬ 
perties  of  the  composite.  The  refractory  base  metals  such  as  tungsten, 
molybdenum  and  columbium  have  been  tested,  but  their  cost,  fabrica¬ 
tion  problems,  high  oxidation  rates  and  embrittlement  features  have 
limited  their  applicability. 

A  list  of  some  specific  factors  which  must  be  considered  in 
the  use  and  development  of  devitrified  ceramic  coatings  are: 

a.  The  formulations  are  more  complex  than  regular  glass 
coatings  as  illustrated  by  the  crystalline  phases  shown  in  Table  X. 

b.  The  problem  of  fitting  the  coating  to  the  substrate  so  as 

to  place  the  coating  in  compression  becomes  more  difficult  in  this 
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TABLE  IX 


Glass  Composition  Range 
(Ref.  184) 


Group 

Oxides 

Percent  of  Group 

RO^  Group 

SiO^ 

60  to  80 

TiO^ 

CeO^ 

ZrOj 

R^O 

K^O 

10  to  20 

Na^O 

“2° 

RO  Group 

MgO 

3  to  8 

CaO 

BaO 

ZnO 

SrO 

MnO 


TABLE  X 


Crystal  Phases  Formed  During  Heat  Treatment 
(Ref.  184) 


P-Spodumene  (Lithium  Aluminum  Silicate) 

p-Eucryptite  (Lithium  Aluminum  Silicate) 

Albite  NaAlSi,0_ 

3  8 

Amorthite  CaAl^Si^Og 
Rutile  TiO^ 

Cerium  dioxide 


Sphene  CaTiSiO 

D 

Diopside  CaMg(SiOj)2 
Lithium  titanium  silicate 
Lithium  silicate 
Lithium  disilicate 


TABLE  XI 

Property  Ranges  for  Glass  and  Crystallized  Glass  Coatings 


(Ref. 

184) 

Std  Corrosion 

Crystallized  Glass  Coatings 

Test  Resistant  Glass 

Before 

After 

Coatings 

Heat  Treatment 

Heat  Treatment 

Abrasion  resistance 

(Mg  weight  loss  per 

15  min  cycle) 

49-64 

40-50 

12-30 

Thermal  shgck  resist¬ 
ance  (At  in  F  re- 

quired  to  cause 
failure) 

375-475 

400-500 

550-850 

Impact  resistance 
(in.  -lb  required  to 
cause  failure) 

12-14 

20-22 

24-30 

Estimated  maximum 

service  temp.  (  F) 

700-800 

750-1300 

1200-1500 

Corrosion  Rates 

(mils  per  year) 

Boiling  20%  HCl 
(vapor  phase) 

4-30 

5-30 

5-45 

5%  NaOH  150°  F 
(liquid  phase) 

9-25 

10-35 

12-65 

Boiling  distilled 

H2O  (liquid  phase) 

2-25 

1-25 

1-40 
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case  since  the  properties  change  during  the  final  heat  treating  process. 

c.  The  change  in  viscosity  during  processing  due  to  crys¬ 
tal  growth  is  another  complication.  Also,  it  is  necessary  to  control 
the  type,  size,  amount  and  dispersion  of  the  crystalline  phases. 

d.  The  application  and  firing  techniques  are  somewhat 
more  complex  than  the  normal  glass  coating. 

Pfaudler  discovered  that  generally  the  higher  the  percent  of 
crystallinity  the  greater  will  be  the  mechanical  and  thermal  resistance. 

The  process  procedures  for  devitrified  coatings  after  fabri¬ 
cation  of  the  base  metals  as  presented  by  Williams  and  Payne  are 
as  follows: 

"Annealing  ....  The  fabricated  part  is  annealed  to  relieve 
welding  stresses,  out-gas  the  welds  and  parent  metal,  and  to  burn 
out  any  organic  contaminants.  The  time -temperature  cycle  is 
governed  by  the  particular  base  metal  used. 

"Cleaning  ....  The  normal  procedure  for  the  majority  of 
items  coated  is  to  grit  blast  with  clean  abrasive.  Pickling  has  also 
been  used  successfully  on  base  metals  requiring  this  treatment. 

"Application  ....  The  normal  techniques  of  spraying, 
slushing  or  dipping  may  be  used.  Closer  control  of  the  operation  is 
necessary  with  respect  to  application  weight. 

"Firing  ....  The  firing  temperature  is  governed  by  the 
properties  of  the  particular  formulation  used  and  ranges  from  1600  - 
2000**  F.  The  rate  of  firing  and  the  temperature  uniformity  during 
the  firing  cycle  are  more  critical  than  with  conventional  glasses. 

"Heat  Treatment  ....  This  is  a  distinct  departure  from 
normal  glass  lining  or  procelain  enameling  operations  and  is  used 
to  nucleate  and  effect  proper  crystallization  within  the  glassy 
matrix.  The  time -temperature  cycle  varies  with  the  formulation 
involved  and  must  be  closely  controlled.  It  is  possible  to  over  age 
these  materials  in  much  the  same  way  precipitation  hardening  metal 
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alloys  can  be  over  aged.  This  results  in  loss  in  mechanical  proper¬ 
ties  primarily  but  corrosion  resistance  can  also  suffer.  In  addition 
to  the  wet  process  methods  of  application  used,  dry  process  methods 
have  been  evaluated  and  found  suitable  for  production  use.  In  this 
technique,  dry  powder  is  applied  to  a  hot  substrate.  As  with  the  wet 
process  methods,  heat  treatment  is  necessary  to  develop  the  proper 
crystalline  phases.  " 

To  make  one  familiar  with  the  capabilities  of  these  coatings, 
Pfaudler  has  provided  the  following  list  of  corrosive  environments  in 
which  they  are  useful. 

Molten  zinc  at  1110*^  F 

Molten  selenium  at  1200^  F 

Molten  gallium  at  1290^  F 

Metal  chlorides  at  1200^  F 

95  -  98  Percent  sulfuric  acid  at  450°  F 

Curing  solid  rocket  fuels  at  350°  F 

o 

Electrical  resistance  at  750  F 
Coal  tar  pitch  at  750°  F 

o 

Hydrochloric  acid  and  chlorinated  organics  at  570  F 
Molten  salts  at  1030^  F 

Aqua  regia  plus  abrasives  at  225^  F  (Tantalum  is  the  only 
metal  acceptable  for  this  service) 

Coming's  Pyroceram  No.  89»  normally  considered  a  cement 

material  (Ref.  191)»  was  studied  by  Rodney  (Ref.  192)  as  a  coating  for 

use  on  a  synthetic  mica  phosphate  embedding  material.  This  Pyroceram 

type  coating  is  basically  a  lead  borate  modified  with  zinc  oxide.  The 

composition  coated  was  essentially  fluor-phlogopite  synthetic  mica 

mixed  with  an  aluminum  phosphate  solution.  These  materials  were 

being  investigated  for  methods  of  application  (hot  dipping,  brushing, 

cold  dipping,  fluidized  bed)  and  firing  schedules.  Compositional 

studies  were  also  conducted  to  obtain  a  glass  which  would  not  only 

wet  the  mica  material  better  than  the  pure  Pyroceram,  but  would  also 
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devitrify.  The  objective  for  this  study  was  to  raise  the  dielectric 
strength  of  the  overall  composite*  i.  e.  *  mica  body  and  devitrified 
glass  coating.  The  information  available  to  the  author  at  the  time 
this  report  was  written  indicated  that  the  coated  samples  showed 
significant  improvement  over  the  uncoated  samples.  This  study  as 
far  as  could  be  determined  at  the  time  is  continuing  and  no  final 
report  was  available. 

4.  Adhesives 

The  University  of  Illinois  (Ref.  193)  performed  a  rather  elaborate 
fundamental  compositional  and  crystallization  development  study  on 
devitrified  ceramics  to  be  used  for  structural  adhesives.  This  study 
included  nucleating  behaviors  with  precious  metals  and  ceramic 
oxides  like  TiO^*  and  devitrification  tendencies  of  various  composi¬ 
tions.  Some  systems  for  which  the  devitrified  crystalline  phase  was 
determined  included  the  following: 

a.  Pb0-Ti02-Si02 

b.  Pb0-Ti02-Ba0-Si02 

c.  Pb0-Ti02-Ba0-Na20-Si02 

d.  Pb0-Ti02-Na20-Si02 

e.  Pb0-Ti02-B202-Si02 

f.  PbSi05-Na20-Al20^-Ti02-Si02 

Many  other  compositions  were  investigated,  but  those  listed 
above  formed  crystalline  PbTiO^  and  BaTiO^  during  the  heat  treat¬ 
ment  process.  In  these  systems  PbO,  BaO  and  Ti02  were  used  to 
obtain  the  crystalline  compound.  Si02  was  present  to  form  an  initial 
glassy  phase.  Na_0  was  present  to  vary  the  maturing  temperature 
as  well  as  the  thermal  expansion  of  the  glassy  composition.  ^2^3 
was  present  to  promote  wetting  of  the  metal  by  the  adhesive.  It  was 
concluded  that  tae  crystallized  bonds  gave  higher  strengths  than  the 
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glassy  adhesive  at  the  higher  temperatures  (>  1000  F).  The  effect 
of  composition  and  glass -crystal  ratio  on  shear  strength  was  of  basic 
consideration  in  this  study,  but  no  data  was  available  at  time  of 
reporting.  The  metal  substrates  of  primary  interest  included  type 
17-7PH  stainless  steel  and  Rene*  41  alloy. 

Three  types  of  devitrified  ceramic  adhesives  which  are 
presently  available  on  the  market  are  listed  below  with  a  short  descrip¬ 
tion  of  their  general  characteristics.  Previous  literature  reviews 
performed  by  Narmco  Inc.  and  Battelle  Institute  (Ref.  194)  provided 
similar  information  in  Narmco 's  reports. 

a.  Astro-ceram  (Ref.  194  -  196) 

This  fanoily  of  new  high-temperature  adhesives  or  cements 
has  been  developed  by  American  Thermocatalytic  Corporation, 

Mineola,  New  York.  The  compositions  of  the  cements  are  proprie¬ 
tary,  but  are  based  on  oxides  and  silicates  of  the  elements  in  Group 
IV  of  the  Periodic  Table.  This  cement  offers  maximum  service  temp¬ 
erature  to  4400®  F.  Properties  reported  by  the  manufacturer  indicate 
tensile  strengths  from  10,000  to  15,000  psi,  modulus  of  rupture  up 
to  23,000  psi  and  porosites  of  0  to  0.2  percent  with  a  mohs  hardness 
between  8  and  9.  The  dielectric  constant  is  between  7  and  9  at  10  cps. 
There  are  two  basically  different  cements  ayailable:  one  can  be  air- 
dried  and  the  other  must  be  fired  to  form  a  bond.  Low  porosity  com¬ 
pounds  of  each  type  are  intended  for  vacuum  sealers. 

These  adhesives  have  been  used  to  coat  thermocouples 
and  resistance  thermometers. 

Thermodynamic  data  determined  by  the  producer  showed 
that  only  moist  halogens  attacked  Astro-ceram.  Calculations  for 
reactions  with  respect  to  liquid  metals  showed  that  aluminum,  plati¬ 
num,  rhodium,  zirconium,  magnesium,  silicon,  beryllium,  nickel, 
molybdenum,  titanium  and  niobium  would  not  react  up  to  3270®  F.  At 
temperatures  of  2730®  F  and  higher  the  cements  would  react  with 
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amznoniai  the  znechaxusm  being  most  likely  a  hydrogen  reduction. 

b.  Eccoceram  QC 

This  is  a  product  of  Emerson  and  Cumings  and  is  a  highly 
siliceous  cement.  It  maintains  its  physical  strength  and  desirable 
electrical  properties  up  to  2500^  F.  The  tensile  strength  is  800  psi. 

c.  Pyroceram  45 

These  cements  have  a  maximum  service  temperature  of 
o  o 

700  C  (1292  F)  and  are  compatable  with  tungsten,  molybdenum, 
several  glasses  and  standard  electrical  ceramics. 

These  three  adhesives  plus  other  similar  types  were  investi¬ 
gated  for  use  in  the  fabrication  of  large  ceramic  radomes  by  bonding 
small  segments  (Ref.  194).  The  main  segment  materials  were 
alumina,  beryllia  and  zirconia.  Preliminary  compressive  shear  tests 
with  alumina  segment  material  eliminated  the  Astro-ceram  and  Ecco- 
ceram.  Further  study  by  Filippi  (Ref.  194)  on  the  Pyroceram  45 
revealed  the  following  properties : 

a.  No  noticeable  physical  change  Wi,.s  observed  due  to  being 
placed  in  boiling  water  for  25  hours. 

b.  A  range  of  weight  loss  from  1.6  percent  to  7.  3  percent 
occurred  after  being  immersed  in  a  10  percent  solution  of  sodium 
hydroxide  for  24  hours. 

c.  After  a  24-hour  soak  in  a  10  percent  solution  of  hydro¬ 
fluoric  acid,  the  percent  weight  loss  was  24.  6  percent  and  the  surface 
became  powdery. 

d.  Pyroceram  No.  45  showed  a  range  of  4.8  percent  to  11.  8 
percent  weight  loss  after  soaking  in  aqua  regia  for  24  hours. 

e.  The  electrical  properties  are  summarized  in  Table  Xllr 

f.  The  thermal  expansion  was  measured  using  a  fused  quartz 
dilatometer.  The  results  of  this  test  are  shown  in  Figure  30. 

g.  Pyroceram  45  wet  the  surface  of  alumina,  beryllia  and 
zirconia  qxiite  well. 
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TABLE  Xn 


Average  Dielectric  Constant  and  Loss  Tangent 
For  Adhesive  Pyroceram  No.  45  (Ref.  194) 


Temperature  °F 

(Frequency  9,  375  Gc) 
Loss  Tzuigent 

Dielectric  Constant 

RT 

0,0039 

5.23 

500 

0.0041 

5.31 

1000 

0.0033 

5.57 

1200 

0.0034 

5.73 

h.  Shear  tests,  conducted  on  specimens  as  shown  in 
Figure  31  exhibited  high  room  termperature  shear  strengths  (Figure 
32),  but  a  rapid  drop  in  strength  at  1000^  F  and  1200°  F.  This  temp¬ 
erature  effect  could  be  a  detriment  to  the  design  engineer  who  must 
utilize  the  lower  stress  figure. 

Data  Was  also  obtained  on  a  composite  materiel,  i.  e. ,  using 
a  97.6  percent  -^12^3  material  bonded  with  the  adhesive.  The  data 
obtained  in  the  composite  tests  were  different  than  the  adhesive  alone. 
Some  of  the  properties  on  the  composite  body  using  Pyroceram  No.  45 
were  as  follows: 

a.  The  composite  can  withstand  a  maximum  temperature 
differential  of  300°  F. 

b.  The  dielectric  constant  (frequency  9.375  Gc)  varies  from 

o 

8.25  to  9.0  from  room  temperature  to  1200  F,  as  compared  to  5.23 
to  5.  73  for  the  plain  adhesive. 

c.  The  loss  tangent  (frequency  0.375  Gc)  varies  from  0,0006 
to  0.0025  from  room  temperature  to  1200°  F  as  compared  to  0,0039  to 
0.0034  for  the  plain  adhesive. 

5.  Cellular  Devitrified  Ceramics 

To  date  the  open  literature  on  cellular  devitrified  ceramics  is 
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THERMAL  EXPANSION  VS.  TEMPERATURE  (FROM  RT,  80*FI 
FILIPPI  (REF.  1«4) 


SIDE 

VIEW 


FIG.  31  SHEAR  SPECIMEN  CONFIGURATION 

FILIPPI  (REF.  194) 
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FIG.  32  SHEAR  STRENGTH  vs.  TEMPERATURE - 

CERAMIC  ADHESIVE 

(REF.  194) 
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limited  primarily  to  the  general  discussion  of  Coming's  new  family 
of  thin-walled  cellular  materials  trademarked  "Cercor"  (Ref.  166, 

197.  198).  This  is  basically  like  Pyroceram  materials,  being  made 
from  nonstrategic  and  ready  available  raw  materials  such  as  glass 
sand,  limestone,  soda  ash  and  borax.  While  a  specific  composition 
code  9690  has  been  found  to  be  good  for  heat  exchanger  applications, 
the  composition  may  be  changed  to  provide  a  wide  range  of  pro¬ 
perties.  Specific  properties  of  code  9690  are  readily  available  in 
Corning  trade  bulletins. 

Howard  (Ref.  199)  made  an  experimental  investigation  to  deter¬ 
mine  the  convective  heat  transfer  and  flow  friction  characteristics  of 
four  devitrified  ceramic  (Cercor)  heat  exchanger  surfaces.  This 
study  is  of  practical  use,  particularly  in  the  design  of  gas  turbine 
regenerators.  Due  to  the  nature  of  this  program,  specific  information 
gained  as  a  result  of  this  study  is  not  permitted  for  publication  in  the 
open  literature  and  is  therefore  only  referenced  in  this  report. 

Kitaygorodskiy  (Ref.  200)  of  the  Soviet  Union  reported  on 
foam  sitalls  which  can  be  made  in  the  form  of  panels  with  dimensions 
of  width  up  to  2  meters  and  length  up  to  3  or  4  meters,  with  a  thickness 
of  60  to  200  millimeters.  From  these  foam  sitalls  it  is  possible  to 
make  sheaths  for  the  insulation  of  pipes.  These  foam  sitalls  can  also 
be  reinforced  by  metallic  wire  or  iron  rods.  The  Soviets  do  not 
claim  there  are  any  significant  applications  of  sitall  materials  nor  do 
they  provide  specific  data  relating  to  them. 

6.  Grinding 

A  program  on  the  machining  of  refractory  materials  was 
performed  by  Zlatin,  et  al.  (Ref.  4).  Grinding  tests  only  were  con¬ 
ducted  on  the  devitrified  ceramic  (Pyroceram)  material  since  it  is 
not  machinable  with  conventional  cutting  tools . 

A  Norton  8  in.  by  24  in.  Hydraulic  Surface  Grinder  equipped 
with  Ts  2  hp  variable  speed  spindle  drive  was  used  for  the  grinding 
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tests.  The  test  setup  is  shown  in  Figure  33.  The  effects  of  grinding 
conditions  on  grinding  ratio  (G)  were  evaluated.  The  grinding  ratio 
(G)  is  a  measure  of  grinding  wheel  life  and  is  defined  as: 

Q  Volume  test  material  removed 
Volume  wheel  removed 

The  indicator  readings  were  taken  after  every  0.025  to  0.  050 
inch  of  test  material  removed  up  to  a  total  of  0. 100  inch.  The  differ¬ 
ence  between  the  initial  indicator  reading  and  successive  readings 
was  the  amount  of  wheel  removed  from  the  wheel  radius.  The  initial 
outside  diameter  of  the  wheel  was  accurately  measured  before  each 
test  with  a  vernier  caliper.  The  volume  of  wheel  removed  was  calcu¬ 
lated  from  initial  and  final  wheel  diameter  measurements.  Grinding 
ratios  were  calculated  at  each  0.  025  inch  test  material  removed,  and 
an  average  taken  to  arrive  at  a  final  G  ratio  value. 

The  results  of  the  tests  are  shown  in  Figures  34  to  38.  The 
silicon  carbide  grinding  wheels  produced  better  G  ratios  than 
aluminum  oxide  wheels.  The  best  wheel  for  grinding  Pyroceram  was 
found  to  be  GC60 JVK  (S.  C. )  (Cincinnati  Milling  Machine  Compeuiy 
grades  were  tested;  other  suppliers  could  provide  equivalent  wheels) 
(fief.  207). 


92 


GRmOINC  TEST  SETUP 


Figure  33  (Ref.  201) 
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Figure  34  (Ref.  201) 


94 


95 


I _ I  I  _ I 

Figure  35  Surface  Grinding  Pyroceram  Figure  36  Surface  Grinding  Pyroceram 

Effect  of  Wheel  Speed  (Ref.  201)  Effect  of  Down  Feed  (Ref.  201) 


96 


igure  37  Surface  Grinding  Pyroceram  Figure  38  surface  Grinding  Pyroceram 

Effect  of  Cross  Feed  (Ref.  201)  Effect  of  Table  Speed  (Ref.  201) 


V.  GENERAL.  SUMMARY 


This  literature  survey  was  concerned  with  the  new  devitrified 
ceramics  which  have  become  increasingly  important  to  researchers 
and  engineers  throughout  the  world.  To  distinguis  the  new  devitrified 
ceramics  (glass -ceramics,  sitals,  vitro-ceramics)  from  similar  pro¬ 
cessed  materials  (opal,  alabaster  and  photosensitive  glasses)  one 
defines  them  as  predominantly  crystalline  bodies  produced  by  induced 
and  controlled  nucleation  and  crystallization  of  preformed  glass 
articles.  Today  these  materials  generally  contain  greater  than  80 
percent  crystals  with  crystal  sizes  ranging  from  100  A  to  1  micron. 
Devitrified  ceramics  possess  several  advantages  in  that  they  provide 
for:  ideal  polycrystalline  structure,  diversity  of  allowable  composi¬ 
tions  and  therefore  varied  properties,  reproducibility  and  relatively 
low  cost,  and  ease  of  production.  These  devitrified  ceramics  are 
produced  in  the  same  manner  as  glass  by  blowing,  rolling,  pressing 
or  centrifugal  casting  which  can  be  used  to  make  almost  any  size  or 
shape.  Hot  pressing  techniques  used  in  making  ceramics  also  produces 
ideal  polycrystalline  structures,  but  are  expensive  and  limited  greatly 
in  rate  of  production  and  size. 

Devitrified  ceramics  are  limited  today  by  their  softening  tempera¬ 
ture  of  about  1350°  C  (2460°  F),  but  the  Soviets  have  reported  soften¬ 
ing  temperatures  up  to  1500°  C  (2732°  F).  Caution  should  be  taken 

o  o 

when  heating  above  the  nucleation  temperature  (800  C,  1470  F) 
since  change  in  crystal  structure  and  therefore  properties  will  occur. 
Devitrified  ceramics  are  brittle  and  must  be  considered  as  such  for 
design  purposes. 

A  historical  review  presenting  the  developments  leading  to  the 

discovery  of  devitrified  ceramics  is  provided  in  this  report  to  further 

define  the  materials  of  importance.  This  discussion  shows  that  opal 

glasses,  nucleated  with  gold,  silver,  copper  or  platinum  have  less 

than  0.  1  percent  by  weight  of  the  nucleating  agent  present  in  the  initial 
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compos ition.  The  new  devitrified  ceramics,  principally  those  nuclea¬ 
ted  with  TiO^  or  containing  metallurgical  slags,  have  the  nucleating 
agent  as  a  major  constituent.  Also  because  of  the  wide  range  of  com¬ 
positions  permitted  due  to  the  processing  technique  these  devitrified 
ceramics  show  great  potential  for  future  use.  In  comparison  to  the 
new  devitrified  ceramics,  photosensitive  glasses  are  limited  to  composi¬ 
tion  which  can  be  nucleated  by  exposure  to  ultra-violet  or  X-ray 
treatment. 

Since  these  materials  are  produced  fundamentally  by  nucleation 
and  crystal  growth  phenomenon,  a  brief  discussion  on  this  subject  has 
been  provided.  A  main  objective  of  this  discussion  was  to  compile  im¬ 
portant  references  on  this  subject  for  ready  reference  use.  Nucleation 
phenomenon  is  extremely  complex,  controversial  in  many  aspects,  and 
has  been  reviewed  by  other  investigators.  Such  basic  problems  as 
determining  if  a  nucleating  agent  is  necessary  in  new  devitrified 
ceramics  is  still  in  question.  It  appears  that  nucleators  play  an  im¬ 
portant  role  in  providing  a  high  nucleation  rate  and  a  low  crystal  growth 
rate  which  is  advantageous  for  these  materials.  .Caution  must  be 
taken  by  the  researcher  in  any  case  when  applying  the  theory  to  a 
practical  situation.  The  principal  of  controlled  nucleation  is  to  separ¬ 
ate  the  crystal  growth  process  from  the  nucleation  process  when  the 
glass  is  at  a  desired  viscosity.  If  nucleation  and  crystallization  occur 
simultaneously  then  the  size,  shape  and  number  of  crystals  cannot  be 
controlled  and  therefore  reproduced.  In  general,  the  theoretical 
theories  of  nucleation  are  explained  by  various  forms  of  the  Arrhenius 
equation  which  relates  reaction  rate  to  temperature  by  the  following 
formula: 

r,  .  T>  A  -E/RT 

Reaction  Rate  »  Ae 

where  A  is  the  molecule  collision  number,  generally  referred  to  as 
the  frequency  factor,  E  the  activation  energy,  R  the  gas  constant. 


and  T  the  absolute  temperature. 
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Fundamental  studies  on  devitrified  ceramics  have  shown  that 
properties  are  primarily  dependent  on  the  composition  and  the  heat 
treatment  process  occurring  after  the  glass  is  formed.  The  basic 
structure  of  these  materials  are  generally  fine-grained,  free  from 
voids  (zero  porosity),  and  crystals  are  randomly  oriented,  and  uni¬ 
formly  distributed.  The  crystal  shape  varies  with  size,  going  from  a 
spheroidal  shape  at  the  earliest  stage  to  sharp  angular  shapes  at  sizes 
greater  than  1,0  micron.  These  research  studies  clearly  show  that  a 
serious  gap  in  experimental  information  exists  in  relating  the  effects 
of  structural  characteristics  (size,  shape  and  number  of  crystals, 
principal  crystalline  phases,  changes  in  glass  matrix  composition, 
etc.)  to  property  values.  One  special  area  for  future  work  should  be 
to  determine  what  happens  to  strength  and  other  properties  as  crystal 
size  decreases  from  20  microns  to  so  small  that  crystal  structure  is 
lost.  Another  area  of  concern  should  be  to  decrease  the  firing  cycle 
time  by  increasing  the  allowable  heating  and  cooling  rates  to  less  than 
5^C  per  minute  and  producing  nondeformable  bodies  with  less  than  10 
hours  of  total  firing  time. 

A  review  of  the  world  wide  open  literature  indicates  that  the  USA 
is  the  leader  in  the  development  of  new  devitrified  ceramics.  Like  the 
USA,  Japan  and  Germany  are  developing  quality  and  reproducible  devit¬ 
rified  ceramics.  The  Soviet  Union,  however,  reports  only  on  their 
rather  crude,  but  useful  construction  material  called  sital,  Sitals  are 
a  lower  quality  devitrified  ceramic  made  basically  from  metallurgical 
slags.  The  Soviets  are  extremely  interested  in  the  field  of  sitallurgy, 
but  no  specific  data  exist  on  their  materials  and  no  mention  of  mass 
produced  articles  is  reported. 

The  state-of-the-art  of  devitrified  ceramics  as  described  in  the 
literature  is  based  on  two  compositions  nucleated  with  TiO^.  One  of 
them  is  a  lithium-aluminum-silicate  crystallizing  out  p-spodumene 
(Pyroceram  9608);  the  other  is  a  magnesium-aluminum-silicate 
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crystallizing  out  a  -cordierite  (Pyroceram  9606).  These  materials 
are  composed  of  four  components,  TiO^* 

more  of  the  basic  metal  oxides,  Li^O,  BeO«  MgO,  CaO,  ZnO«  SrO, 
CdO,  BaO,  PbO,  MnO.  FeO,  CoO  and  NiO,  the  four  components 
totally  preferably  95  weight  percent  of  the  composition  of  which  TiO^ 
is  2  to  20  percent.  It  is  easily  deduced  that  many  different  materials 
coxild  possibly  be  derived  from  combinations  of  these  oxides,  leaving 
a  wide  area  of  potential  properties.  It  is  important  to  realize  that  in 
the  development  of  these  materials  the  crystal  growth  range  should 
remain  below  the  liquidus  of  the  predominant  crystalline  phase  or 
else  dissolution  of  the  phase  will  result.  Other  nucleating  agents  such 
as  SnO.,  ZrO-  and  metallic  phosphates  have  been  used  successfully 

to  to 

on  experimental  materials. 

In  general,  devitrified  ceramics  are  processed  by  first  forming 
as  a  glass  then  cooling  rapidly  below  the  nucleation  temperature  and 
reheating  by  time -temperature  schedules  through  the  nucleation  and 
crystal  growth  ranges.  The  TiO_  -  nucleated  devitriBed  ceramics 

to 

are  melted  at  about  1600°  C  (2910°  F);  nucleation  temperature  is 
about  800°  C  (1470°  F)  and  crystal  growth  temperature  is  about  1200°  C 
(2190°  F). 

Information  concerning  specific  tests  or  applications  of  devitri¬ 
fied  ceramics  is  limited  primarily  to  periodicals  or  government 
reports.  The  periodical  references  are  rather  general  and  are  there¬ 
fore  usually  only  referenced  in  this  report.  The  government  reports 
generally  provide  some  detail  and  are  discussed  briefly.  The  two 
materials  Pyroceram  9606  and  9608  are  somewhat  diversified  in  their 
applications  in  that  Pyroceram  9606  has  been  used  successfully  as  a 
radome  material  for  the  Gar  XI,  Phoenix*  Shrike*  Tartar,  Terrier, 
Typhon,  Gar  DC,  Genie  and  Sera  missiles.  A  recent  report  by 
Melpar  (Ref.  173)  compares  the  properties  of  Pyroceram  9606  with 
various  other  ceramic  materials  for  use  as  a  radome  material.  A 
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oxygen -hydrogen  rocket  motor  exhaust  test  simulating  a  heat  flux 
(140  Btu/ ft  sec)  of  a  Mach  4  to  5  cruise  vehicle  showed  that  the 
temperature  gradient  of  a  1/2  inch  thick  sample  of  Pyroceram  9606  was 
1000°  F  at  a  600°  F  rocket  motor  wall  temperature  and  675°  F  at 
1400°  F  wall  temperature.  The  value  for  Pyroceram  was  midway 
between  the  higher  values  for  slip-cast  fused  silica  and  the  lower 
values  for  Al^O^.  This  same  devitrified  ceramic  was  studied  for  use 
as  an  electromagnetic  window  material  on  hypersonic  vehicles  having 
intercontinental  ballistic  missile  trajectory  and  was  found  to  be  feasi¬ 
ble  only  if  the  heat  flux  across  the  surface  was  reduced  considerably. 
Pyroceram  9606  has  also  been  reconunended  for  future  study  as  an 
electron  tube  envelop  material.  This  was  based  on  its  permeability  to 
helium  at  elevated  temperatures  (800°  C)  being  superior  to  Vycor 
glass,  fused  silica  or  Pyrex  glass,  and  also  because  it  closely  matches 
the  coefficient  of  expansion  of  tungsten,  molybdenum,  kovar,  titanium, 
stainless  steel  430  and  nickel. 

Pyroceram  9608  is  mass  produced  today  in  the  form  of  various 

cooking  ware  items.  Its  opaque  glossy  white  appearance  makes  it 

attractive  and  its  low  expansion  (p-spodumene)  allows  for  thermal 

shock  resistance  for  everyday  cooking  purposes.  The  limiting  factor 

for  temperature  difference  allowed  when  rapidly  cooling  these  materials 

is  the  nucleation  temperature.  Therefore  Pyrocerams  can  be  thermal 

shocked  from  about  1400°  F  to  cold  water  without  failure.  Pyroceram 

9608  was  found  to  be  useful  in  low  load,  short  duration  (up  to  two  hours) 

o 

ball  bearing  applications  with  operating  temperatures  of  1000  F  to 
1400°  F.  Effective  lubricants  for  Pyroceram  bearings  remain  a  prob¬ 
lem,  but  the  gas,  dibromotetrafluoroethane  (CF^Br-CF^Br),  is  an 
effective  lubricant  for  Pyroceram  9608  sliding  on  Hastelloy  R-235  and 
Inconel  X  up  to  1400°  F.  The  gas  dichlorotetrafluoroethane 

(CF_C1-CF-C1)  is  an  effective  lubricant  for  Pyroceram  9608  sliding 

^  ^  o 

on  various  cobalt-base  alloys  at  1000  F.  Because  the  strength  to 


101 


weight  ratio  of  Pyroceram  9608  (1. 15)  is  about  the  same  as  fused 
quartz  (1.00)  and  slip-cast  silica  (1. 15),  and  better  than  the  metals, 
magnesium  (0.  81),  aluminum  (0.  80),  or  titanium  (0.  80),  it  has  been 
made  into  sandwich  construction  material  for  use  as  a  light  weight  re¬ 
flecting  optical  element. 

Handbook  properties  of  Pyroceram  9606  and  9608  are  provided  in 
Appendix  III  of  this  report. 

De vitrified  ceramics  are  also  available  in  the  form  of  coatings 

(Nucerite),  adhesives  and  cellular  (Cercor)  materials.  Relatively 

speaking,  little  effort  has  been  directed  to  these  types  of  devitrified 

ceramics  and  therefore  wide  areas  for  future  development  remains. 

The  coatings  to  date  have  been  applied  primarily  to  nonrefractory  base 

metals  such  as  low  carbon  steels,  stainless  steels,  Hastelloy  and 

o 

Inconel.  Their  maximum  service  temperature  is  1500  F.  They  show 
improved  abrasion,  impact  and  thermal  shock  resistance  over  standard 
glass  type  coatings.  Devitrified  ceramics  coatings  are  more  complex 
than  standard  glass  coatings  in  that  they  require  control  of  crystalliza¬ 
tion,  and  therefore  processing  techniques  are  necessarily  more  precise. 

Extensive  studies  have  been  made  concerning  devitrified  ceramic 
adhesives,  but  reported  data  is  extremely  limited.  In  general,  they 
appear  to, provide  higher  bonding  strengths. than  glassy  adhesives  at 
the  higher  temperatures  (1000°  F).  It  was  determined  that  Pyroceram 
No.  45  adhesive  was  the  most  satisfactory  available  adhesive  for  bond¬ 
ing  segments  of  alumina,  and  it  wets  the  surface  of  beryllia  and 
zirconia.  This  particular  adhesive  showed  a  decrease  in  shear 
strength  from  10,000  psi  at  room  temperature  to  about  1000  psi  at 
1200°  F. 

The  open  literature  information  on  cellular  devitrified  ceramics 
is  limited  to  brochure  data  on  Corning  "Cercor"  material  and  general 
discussion  of  the  Soviet's  work  on  foam  sitals. 
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Grinding  experiments  on  Pyroceram  showed  that  silicon  carbide 
wheels  have  a  better  grinding  wheel  life  than  aluminum  oxide  wheels. 

Satisfactory  methods  for  polishing,  etching  and  making  replicas 
are  presented  in  this  report. 

It  is  important  to  realize  that  the  new  devitrified  ceramics  a^re  a 
large  family  of  materials  and  can  be  developed  to  possess  specific 
properties.  Large  gaps  of  unexplored  compositions  and  processing 
techniques  exist  in  the  new  technology.  Important  information  concern 
ing  these  materials  is  presently  of  a  proprietary  or  security  classifica 
tion  and  therefore  the  open  literature  provides  one  with  limited 
coverage. 
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APPENDIX  I 
(Selected  Article) 

Glass -Ceramics  Catalysed  with  Zirconia 
by 

Megumi  Tashiro  and  Masamichi  Wada 
(Institute  for  Chemical  Research,  Kyoto  University,  Japan) 

(Ref.  28) 

The  crystallized  glasses  nucleated  by  zirconia  have  an  excellent 
pure  white  appearance.  One  serious  drawback  of  zirconia  as  a  nuclea¬ 
ting  agent  is,  however,  its  sparing  solubility  in  the  glasses,  especially 
of  low  lithia  content,  at  melting  temperatures.  It  was  found  that  the 
zirconia  added  as  zircon  can  be  easily  brought  into  solution  at  melting 
temperature  if  a  small  addition  of  ^^2^5  present  in  the  glass 
composition. 

TUe  present  study  was  undertaken  to  locate  the  composition  of 

the  glass  in  the  system,  Lii^O  •  Al^O^*  SiO^,  especially  in  a  region  near 

spodumene  composition,  which  by  the  aid  of  small  additions  of 

ZrOo  and  P„0_,  can  be  converted,  by  heat  treatment,  into  the  poly- 
c  2d 

crystalline  materials  with  good  thermal  shock  resistance.  The  follow¬ 
ing  series  of  glass  were  melted: 

Series  A:  65  SiO^,  (35-x)  Al^O^,  xLi^O,  y  K^O,  3  P20g,zZr02 
(xm  5, 6,  7,  8;  y*x  0,1;  z»  1,  2,  3, 4) 

Series  B:  65  SiO^,  30  Al^O^,  5  Li^O,  1  ^*2^5’  ^  ^^^2 

(p.1,3,5;  z-  -7) 

Series  C:  (95 -q)  SiO^,  q  Al^O^,  1  P  ^2^5’  ^ 

(q-  20,25,  30,35;  p=  1,3,5) 

Figure  40  is  a  graphical  representation  of  the  main  components 
of  glasses  of  the  above  series,  in  which  additional  components,  ZrO^, 
P-0_  and  K_0  are  omitted.  The  point,  a,  from  which  the  series  A 

25  2 

starts  corresponds  to  the  spodumene  composition.  The  glasses  were 
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znelted  at  the  temperatures  1500  to  1600^  C.  formed  into  a  specimen 

of  the  size,  3  x  5  x  50  mm,  and  then  reheated  from  room  temperature 
o  o 

to  1200  C  at  a  constant  rate  of  5  C,  each  for  30. minutes  with  inter¬ 
missions  at  650,  750  and  850^  C,  each  for  30  minutes.  At  the  maxi- 

o 

mum  temperature  (1200  C)  the  specimens  were  also  held  for  30 
minutes.  The  crystallized  glasses  thus  obtained  were  subjected  to  the 
measurements  of  thermal  expansion  and  bending  strength. 

The  best  result  with  respect  to  the  thermal  shock  resistance 
was  obtained  for  the  crystallized  glass  of  the  composition:  65  SiO^, 

30  Al^O^,  5  lA^O,  1  K2O,  3  1*2^5*  ^  ratio.  This  com¬ 

position  corresponds  to  the  point  d  in  Figure  40.  Its  coefficient  of 
thermal  expansion  and  bending  strength  were  13.6  x  10  ^  (20  to  500^  C) 
and  9100  psi  (unabraded),  respectively.  Figure  39  shows  the  result  of 
chemical  durability  test  (in  5%  HCL  at  90^  C)  for  the  glass  of  this  com¬ 
position  before  and.after  the  heat  treatment.  In  the  figure,  the  results 
for  the  glasses  represented  by  the  points  g  and  f  (in  Figure  40)  and 
also  for  the  commercial  products  nucleated  with  titanium  oxide  are  also 
shown  for  comparison. 

Effects  of  the  compositional  variations  on  the  properties  of 
glass  before  and  after  the  heat  treatment  are  sunomarized  as  follows: 

(1)  with  increasing  the  amount  of  addition  of  ^2^5*  solubility  of 
ZrO^  in.  glass  at  melting  temperatures  increases,  and  accordingly  the 
bending  strength’ of  the  crystallized  glass  increases.  This  can  be  seen, 
for  example,  from  Table  XIII.  Addition  of  ^2^5  excess  of  5  (  =<  p 
in  the  series  B),  however,  causes  the  increase  in  viscosity  of  glass, 
thus  making  the  melting  of  the  glass  difficult;  (2)  too  much  addition  of 
Li^O  in  replacement  of  Al^O^  (in  excess  of  x-6  in  the  series  A)  in¬ 
jures  the  luiiform  crystallization  of  glass  in  the  process  of  heat  treat¬ 
ment,  resulting  in  deformation,  cracking,  or  swelling  of  the  speci¬ 
mens;  and  (3)  replacement  of  SiO^  with  -^2^3  viscosity 

of  glas£v,  and  increases  the  solubility  of  ZrO^  melting  temperatures 
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(see  Table  XIII).  However,  in  order  to  control  the  coefficient  of 

_7 

thermal  expansion  for  the  crystallized  glass  within  15  x  10  (20  to 

500°  C),  the  content  of  Al^O^  should  be  kept  less  than  30  (»  q  in  the 
series  C):  the  coefficient  of  thermal  expansion  for  the  crystallized 
glasses  of  the  series  C  increased  with  increasing  the  Al.O  content 
(see  Figure  40  and  Figure  41). 
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APPENDIX  II 


SELECTED  ABSTRACTS  ON  NUCLEATION 
AND  crystallization  STUDIES 

1.  Crystallization  of  a  Titania-Nucleated  Glass  by  R.  D.  Maurer, 
Corning  Glass  Works,  Corning,  New  York  (Ref.  59). 

Light  scattering  has  been  used  to  study  crystal  formation  and 
growth  in  a  magnesia-alumina-silica  glass  nucleated  by  titania.  A 
theory  for  analyzing  the  scattering  is  outlined.  It  involves  a  model  in 
which  a  crystal  is  surrounded  by  a  region  of  varying  refractive  index. 
Using  the  theory,  the  average  number  and  size  of  crystals  are  obtained. 
The  scattering  inhomogeneities  initially  present  are  shown  to  be  pre¬ 
dominantly  isotropic  and  to  become  anisotropic  during  heat  treatment. 
The  isotropic-anisotropic  transformation  is  correlated  with  nuclea- 
tion  and  is  interpreted  as  the  crystallization  of  an  "emulsion.  " 

Stookey's  discussion  of  crystallization  catalysis  by  emulsion -formation 
is  elaborated  and  the  significance  for  theories  of  glass  formation  is 
discussed. 

2.  Catalyzed  Crystallization  in  Glass  by  Werner  Vogel  and  KLaus 
Gerth,  VEB  Jenaer  Glaswerk  Schott  and  Genossen  Laboratories, 
Jena,  Germany  (Ref.  59). 

The  basic  processes  of  catalyzed  crystallization  in  glass  have 
been  investigated.  The  investigation  has  shown  that  catalyzed  crystal¬ 
lization  in  glas's  depends  in  the  main  on  two  processes:  (1)  the  control 
of  phase  separation  in  glass,  and  (2)  the  directed  deposition  of 
substance  (epitaxy)  on  produced  crystal  nuclei.  Using  electron- 
microscopic  photographs  it  has  been  possible  to  follow  and  prove  the 
history  of  the  two  processes  in  glass -ceramics  and  in  model  glasses 
(beryllium  fluoride  glass).  The  e3q>erimental  results  show  that  model 
glasses  lend  themselves  especially  well  to  the  study  of  the  processes 
described. 
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3.  Crystallization  of  Lead  Metaniobate  From  A  Glass  by  R.  C. 
Anderson  and  A.  L.  Friedberg,  University  of  Illinoisi  Urbana, 
Illinois  (Ref.  59). 

It  is  possible  to  achieve  high  dielectric  constant  materials  by 
crystallizing  ferroelectric-type  crystals  from  a  glass.  This  work  ex¬ 
amines  the  crystallization  of  PbNb20^  from  a  glass  containing  PbO, 
Nb^Og,  SiO^  and  Al^O^.  Crystal  forms  were  identified  optically  and 
by  X-ray  diffraction.  Several  glass -crystal  composites  were  prepared 
for  which  dielectric  constants  and  dissipation  factors  were  measured 
as  a  function  of  temperature. 

4.  Phase  Equilibria  and  the  Crystallization  of  Glass  by  Rustum  Roy, 
College  of  Mineral  Industries,  The  Pennsylvania  State  University, 
University  Park,  Pennsylvania  (Ref.  59). 

This  paper  describes  two  aspects  of  the  various  phase  equili¬ 
brium  considerations  which  must  be  considered  in  describing  the 
crystallization  of  a  glass.  First,  it  treats  the  relationships  of  the 
various  glass  phases  to  each  other  and  to  the  crystalline  phases  which 
may  precipitate  from  them.  On  the  basis  of  experimental  evidence, 
the  second  aspect  deals  with  the  m^cleation  of  a  second  liquid  or  SRO 
(short-range  order)  phase  as  the  first  step  in  the  crystallization  of 
certain  useful  glasses.  Structural  reasons  are  given  why  this  step,  the 
most  probable  one  in  the  phase  separation,  is  "homogeneous"  and  on  a 
very  fine  scale.  It  is  shown  that  the  conditions  which  are  responsible 
for  such  homogeneous  nucleation  also  manifest  themselves  in  specific 
anomalies  in  the  phase  equilibrium  diagram. 

5.  Crystal  Nucleation  by  Glass  in  Glass  Separation  by  S.  M.  Ohlberg, 
H.  R.  Strickler,  Glass  Research  Center,  Pittsburgh  Plate  Glass 
Compstny,  Pittsburgh,  Pennsylvania  (Ref.  59). 

Three  crystallizable  glasses  from  the  systems  MgO  •  Al^O^*  SiO^* 
TiO  ,  Li  0*CaO*SiO  •Ti02»  and  LiO^*  MgO -Al^Og.  SiO^  were  studied 
by  X-ray  diffraction,  electron  microscopy,  and  light  microscopy.  The 
three  glasses  had  in  common  the  fact  that  on  heat  treatment  they  could 

be  uniformly  de vitrified  by  an  internal  nucleation  process  as  opposed 
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to  the  more  common  surface  nucleation  and  devitrification.  For  each 
glass  evidence  is  presented  which  demonstrates  that  the  internal  nuclea¬ 
tion  is  the  result  of  a  glass  in  glass  separation,  i.  e. ,  one  glass  phase 
dispersed  in  a  second.  The  first  crystalline  species  thereby  nucleated 
serves  to  heterogeneously  nucleate  crystallization  of  the  bulk  of  the 
glass.  In  the  case  of  the  MgO  •  Al^Oj"  SiO^*  TiO^  glass,  the  formation 
of  the  initial  crystalline  phase  is  preceded  by  a  growth  in  the  size  of 
the  glass  droplets.  In  the  system  Li^O  •  CaO  •Al202*  Si02»  nucleation 
starts  at  the  glass -glass  interface  and  initially  propagates  into  the 
dispersing  glass  phase.  In  the  system  Li^O  •  MgO  SiO^,  nu¬ 

cleation  also  starts  at  the  glass -glass  interface,  but  in  this  case 
crystallization  proceeds  first  into  the  dispersed  glass  phase.  Exami¬ 
nation  of  the  last  system  indicates  a  new  mechanism  for  spherulite 
growth. 

6.  Crystal  Orientation  as  Influenced  by  Platinum  Nucleation  by  Guy 

E.  Rindone,  Department  of  Ceramic  Technology,  The  Pennsylvania 
State  University,  University  Park,  Pennsylvania  (Ref.  59). 

Crystallization  of  lithium  disilicate  crystals  from  lithium  silicate 
glasses  normally  occurs  with  the  crystals  forming  in  a  preferred 
orientation  with  respect  to  the  glass  surface.  This  orientation  can  be 
prevented  in  varying  degrees  by  crystallization  on  platinum  nuclei. 
Experiments  have  been  performed  which  show  the  depth  beneath  the 
surface  to  which  orientation  occurs  in  platinum-nucleated  glasses  as 
compared  to  the  platinum-free  glass  under  varying  conditions  of  heat 
treatment. 

7.  A  Theoretical  and  Experimental  Investigation  of  Nucleation  Lead¬ 
ing  to  Uniform  Crystallization  of  Glass  by  W.  B.  Hillig,  General 
Electric  Research  Laboratory,  Schenectady,  New  York  (Ref.  59). 

The  term  "nucleation  catalysis"  is  examined  to  determine  whether 
such  a  factor  is  essential  to  the  uniform  precipitation  processes  leading 
to  the  formation  of  glass -cerazxucs.  Classical  nucleation  theory  is 

briefly  reviewed  to  provide  the  background  for  this  discussion,  with 
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special  emphasis  upon  heterogeneous  nucleation  catalysis  and  the 
transient  time  for  attaining  steady-state  nucleation.  From  this  a  new 
quantitative  criterion  for  the  kinetic  stability  of  glass  is  developed. 

The  experimentally  observed  nucleation  kinetics  in  a  limited  series  of 
glasses  containing  BaO»  SiO^,  TiO^,  and  in  some  cases  Al^O^  reveal 
no  anomalous  behavior  that  cannot  be  interpreted  in  terms  of  a  simple 
nucleation  process.  The  surface  free  energy,  which  in  turn  controls 
the  nucleation  kinetics,  is  considered  to  be  a  function  of  the  degree  of 
diffuseness,  absorption,  configurational  relaxation,  and  electronic 
relaxation  at  the  interface.  It  is  concluded  that  heterogeneous  nuclea¬ 
tion  catalysis  is  not  necessarily  essential  for  uniform  devitrification. 
Although  various  substances,  for  example  those  which  cause  departure 
of  the  system  from  ideality,  can  be  correlated  with  the  relative  barrier 
to  homogeneous  nucleation,  to  identify  these  also  as  nucleation  catalysts 
is  interpreting  the  term  too  broadly. 

8.  Kinetics  of  Reorganization,  Nucleation,  and  Crystallization  in 
Sodium  Phosphate  Glasses:  I,  Sodium  Metaphosphate  Glass  by 
A.  E.  R.  Westman  and  M.  Krishna  Murthy,  Ontario  Research 
Foundation,  Toronto,  Ontario,  Canada  (Ref.  59). 

The  kinetics  of  reorganization,  nucleation,  and  crystallization 

o  o 

of  sodium  metaphosphate  glass  in  the  temperature  range  300  to  350  C, 
has  been  studied  using  two-dimensional  paper  chromatographic  methods. 
It  is  found  that  the  reorganization  equilibrium  is  the  same  as  that  found 
by  quenching  from  above  the  liquidus.  The  nucleation  process  is  slow 
but  the  crystallization  process  and,  consequently,  the  reorganization 
process  are  rapid.  The  activation  energies  of  nucleation  and  crystal¬ 
lization  in  the  above  temperature  range  are,  respectively,  approximate¬ 
ly  50  and  20  kcal  per  mole  of  sodium  trimetaphosphate  crystals 
produced. 

9^  Bubble -Induced  Nucleation  and  Crystal  Growth  in  Glass  by  Cyrus 
Klingsberg,  Corning  Glass  Works,  Corning,  New  York  (Ref.  215). 

Evidence  that  bubbles  can  cause  annular  nucleation  and  subsequent 
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crystal,  growth  on  the  surface  of  BaO  '*^2^3* 

presented.  The  crystalline  rings  were  identified  as  hexacelsian, 
BaAl^Si^Og  (the  hexagonal  or  high-temperature  polymorph  of  celsian). 
Size,  character,  and  suggestions  are  to  the  genesis  of  these  rings  are 
given. 

10.  Microcrystalline  BaTiO^  by  Crystallization  From  Glass  by 

Andrew  Herczog,  Corning  Glass  Works,  Corning,  New  York  (Ref. 
214). 

The  properties  and  composition  of  glasses'  suitable  for  crystal¬ 
lization  of  BaTiO^  are  described.  The  crystallization  of  certain 
glasses  results  in  a  nearly  complete  recovery  of  BaTiO^,  besides  the 
feldspar  BaAl^Si^O^  as  a  minor  phase.  The  mechanism  of  crystalli¬ 
zation  was  investigated  by  thermal  analysis,  viscosity,  and  grain-size 
measurements  as  a  function  of  the  temperature  whereas  density  data 
were  used  for  evaluation  of  the  BaTiO^  content.  Within  the  range  30 
to  60  percent  by  volume  of  BaTiO^  at  about  lu  grain  size,  the 
measured  dielectric  constant  increased  from  100  to  1200.  The  cal¬ 
culated  partial  dielectric  constant  of  the  titanate  phase  at  this  grain 
size  was  about  3500.  As  the  grain  size  approached  0.  lu,  the  di¬ 
electric  constant  decreased  and  became  nearly  independent  of  the 
temperature  because  of  the  predominance  of  surface  states.  Other 
effects  were  attributed  to  special  structural  characteristics,  such  as 
absence  of -porosity  and  clamping  of  the  titanate  particles  within  the 
microcrystalline  matrix.  Data  are  also  presented  on  dielectric  con¬ 
stant  and  loss  tangent  at  different  frequencies,  dc  breakdown 
strength,  dc  resistivity,  and  ferroelectric  properties  as  a  function 
of  the  grain  size  of  the  crystallized  material. 

11.  The  Preparation  and  Properties  of  Glass -Ceramics  Using 
Metallic  Phosphates  as  Nucleation  Catalysts  by  G.  Partridge  and 
P.  W.  McMillan,  Nelson  Research  Laboratories,  English 
Electric  Company  Ltd. ,  Stafford  (Ref.  201). 

Metallic  phosphates  have  been  found  to  act  as  satisfactory 
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nucleation  catalysts  for  the  conversion  of  a  wide  range  of  glass  com-  . 
positions  into  glass -ceramics.  The  types  of  glass  compositions  are 
given  together  with  a  description  of  the  preparation  of  this  type  of 
glass -ceramic. 

A  general  description  is  given  of  the  mechanical,  electrical, 
and  thermal  properties  of  phosphate -catalysed  glass -ceramics  and  the 
properties  of  five  materials  are  given  in  detail.  The  physical  proper¬ 
ties  of  the  glass -ceramics  are  compared  with  those  of  conventional 
ceramics  and  glasses.  Wherever  possible,  the  properties  of  the 
phosphate -catalysed  glass -ceramics  are  related  to  their  mineralogical 
content  and  to  their,  microcrystalline  structure.  The  mineralogical 
content  has  a  marked  influence  on  the  physical  properties  of  the  glass - 
ceramics,  particularly  on  their  linear  thermal  e3q>ansion  character¬ 
istics,  and  materials  covering  a  wide  range  of  thermal  esqpansion 
characteristics  have  been  prepared. 
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APPENDIX  III 


HANDBOOK  PROPERTY  DATA 
ON 

MAGNESIA- ALUMINA -SILICA -TIT  ANI A 

AND 

LITHIA- ALUMINA-SILICA  -  TIT  ANIA 
DEVITRIFIED  CERAMICS 
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THICKNESS  -  INCHES 


TEMPERATURE  -  *€ 
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FIG.  48  HEAT  CAPACITY  OF  PYROCERAM  9608 
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FIG. 51  THERMAL  DIFFUSIVITY  OF  PYROCERAM  9606 
(REF.  166,  208,  210) 
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TEMPERATURE, F 

FIG.  52  NORMAL  SPECTRAL  EMITTANCE  OF  PYROCERAM 
^9606  AN0#9608  (REF.  211) 
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LOSS  TANGENT 


GLASS  CERAMIC  9606 


CORNING 


FIG.  55  TEST  METHOD  ATC  REPORT  NO.  ARTC-4 

REF.  166 
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